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DECLARATION OF ROBERT DAVID POSSE, PH.D. UNDER 37 C.F.R. §1.132 

I, Robert David Possee, currently residing at 64 Millwood End, Long Hanborough, Witney, 
Oxon, OX298BY UK, do hereby declare: 



1. I am an expert in the field of the invention. I am currently a researcher at NERC CEH 
Oxford (formerly Institute of Virology and Environmental Microbiology/Institute of 
Virology). I earned a B.Sc. degree in Biological Sciences with Honours in 1978 at the 
University of Birmingham, U.K. I earned a Ph.D. degree in virology at 1981 at University of 
Warwick, U.K. My curriculum vitae is enclosed (Exhibit A). I published over one hundred 
papers and books in the field of biology. The list of the publications is enclosed (Exhibit B). 
I am a co-author, with Linda King, who is a named inventor of the U.S. Patent Application 
Serial No. 09/807,809, of a text book on baculovirus expression systems entitled "The 
Baculovirus Expression System; a Laboratory Guide" (1992), first ed., Chapman and Hall 
Publishers, London, UK (hereinafter referred to as "my text book"), which was submitted to 
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Publishers, London, UK (hereinafter referred to as "my text book"), which was submitted to 
the U.S. Patent and Trademark Office with the Information Disclosure Statement filed 
April 18, 2003. I am a named inventor of U.S. Patent Application 09/807,809 (hereinafter 
referred to as "the present application"), entitled "Baculovirus Expression System." I am 
familiar with the application and the Office Action mailed by the United States Patent and 
Trademark Office on August 26, 2004. 

3. The term "a functional gene" recited in Claim 29 would be understood by a person of 
ordinary skill in the art in the field of virology. The term means a gene capable of performing 
its normal function. Thus, in the context of Claims 29-30, the term "a functional gene" means 
a gene required for viral replication. Moreover, the specification defines the meaning of the 
term "a functional gene" on page 6, lines 19-20. 

4. The term "a functional gene necessary for restoring a functional gene" recited in 
Claim 29 would be understood by a person of ordinary skill in the art in the field of virology. 
The term means that the rescue vector encodes a gene product that replaces the non- 
functioning gene product. The specification defines the meaning of the term "a functional 
gene necessary for restoring a functional gene" on page 6, lines 16-17. 

5. The term "functional fragments or mutations thereof 1 recited in Claims 31-32 would 
be understood by a person of ordinary skill in the art in the field of virology. One of ordinary 
skill in the art would know that variations of genes in general occur naturally or could be 
introduced in the laboratory without undue difficulty. For example, one of ordinary skill in 
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the art would know that the genetic code is degenerate and results in different codons 
encoding the same amino acid. Hence, one of ordinary skill in the art would know that 
different mutations can produce genes that are still functional and retain at least a part of their 
activity. Furthermore, even if a change in the nucleotide sequence of a gene results in a 
change in amino acid, this does not necessarily result in a change in activity of the gene 
product. 

One of ordinary skill in the art would also know that it is possible to delete parts of 
genes to produce fragments whilst still retaining the activity of that gene. Experiments to 
identify mutants and create functional fragments are well within the capabilities of one of 
ordinary skill in the art, such as an average graduate student in the field of virology. It was 
demonstrated and disclosed in the present application that deleting part of a gene recited in 
Claim 31, ORF 1629, results in its functional fragment. The genes recited in Claims 31-32 
were known to one of ordinary skill in the art before the priority date of the present 
application, and one of ordinary skill in the art would know what their functional fragments or 
mutations mean. Furthermore, as discussed in more detail below, there are other baculovirus 
genes from different baculoviruses that, while essentially similar to the recited genes, retain 
their function despite being smaller in size or having a slightly different nucleotide sequence. 

6. One of ordinary skill in the art would know that the term "naked" recited in Claim 27 
in reference to a baculovirus vector is implicitly supported by the specification. One of 
ordinary skill in the art would understand "naked" to mean that the baculovirus vector is 
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without binding proteins (in the case of virus DNA, without the protective particles). The 
publications are enclosed (Exhibits C and D) showing that the term "naked" is used by those 
of ordinary skill in the art in reference to nucleic acids that are at least partially devoid of the 
proteins that usually accompany those nucleic acids. Baculovirus vectors are conventionally 
used packaged within a particle. In contrast, the claimed baculovirus vector is used without a 
viral particle. It is naked, or without at least a part of its coat of viral protein. 

The specification provides support for a baculovirus vector DNA that is naked, or 
without the viral proteins. On page 6, paragraph 3, the specification shows that the 
baculovirus nucleic acid is DNA. On page 15 paragraph 2, the specification shows that the 
DNA is prepared by extracting it from yeast, not from a viral particle. The DNA is purified 
on a sucrose gradient and is ethanol precipitated. These methods produce naked DNA. DNA 
within the viral particle cannot be made in yeast Using naked DNA requires using lipofectin 
(see p. 17, bottom) in order to transfect the naked DNA into cells. If the DNA was not naked, 
lipofectin would not be needed. The co-transfection described on page 33, final paragraph, 
also uses the naked baculovirus vector. Thus, based on the specification, one of ordinary skill 
in the art would know that naked baculovirus vector is used, and that the term "naked" is 
implicitly supported by the specification. 

7. One of ordinary skill in the art would know that the specification describes the 
functional genes recited in Claims 31-32 (lef 1-12, dnapol, pl43, p35, ie-1-2, p47, ORF 1629 
and pp 31) in such a way as to reasonably convey to one skilled in the art in the field of 
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virology that the inventors, at the time the application was filed, had possession of the claimed 
invention. The specification discloses the claimed method with three different variations of 
the AcMNPV genome. At the priority date of the present application, the genes recited in 
Claims 31-32 were all known to be involved in baculo virus replication, as stated in the 
specification on page 6, lines 8-16, and in my textbook on pages 8-13. 

One of ordinary skill in the art would know how to use the genes recited in Claims 31- 
32. As noted above, those genes were known at the priority date of the application, and the 
application provides the references and clear instructions on how to create the claimed 
components. The teachings given in the application could be readily applied by a person of 
ordinary skill in the art, such as an average postgraduate student, to produce replication- 
deficient baculovirus vectors lacking the genes recited in Claims 31-32. Even undergraduate 
students working in my laboratory as a part of their training undertake similar work to 
manipulate virus particles. Furthermore, undergraduate students whom I teach also work on 
insect genomes in organised laboratory practicals as a part of their normal course work. 

8. The term "functional fragments or mutations thereof 1 recited in Claim 31, is described 
in the specification in such a way as to reasonably convey to one of ordinary skill in the art 
that the inventors, at the time the application was filed, had possession of the claimed 
invention. The genes recited in Claims 3 1-32 were known at the priority date of the present 
application. It was also known at the priority date that variations of genes in general occurred 
naturally or could be introduced artificially without undue difficulty. For example, it is known 
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that the genetic code is degenerate and results in different codons encoding the same amino 
acid. Hence, it is known that different mutations can produce genes that are still functional 
and retain at least a part of their activity. 

Furthermore, even if a change in the nucleotide sequence of a gene results in a change 
in amino acid, this does not necessarily result in a change in activity of the gene product. It is 
also known that it is possible to delete parts of genes to produce fragments whilst still 
retaining the activity of those genes. Indeed, experiments to identify mutants and create 
functional fragments are well within the capabilities of an average graduate student in the 
field of virology. For example, it was demonstrated and disclosed in the present application 
that deleting part of a gene recited in Claim 31, ORF 1629, results in its functional fragment. 
As discussed in more detail below, there are other baculovirus genes from different 
baculoviruses that, while essentially similar to the recited genes, retain their function despite 
being smaller in size or having a slightly different nucleotide sequence. 

There is a large number of different baculoviruses (as acknowledged on pages 1 and 2 
of my textbook) that all have common structure. They have a large, double-stranded, 
covalently-closed, circular genome of between 88 and 200 kbp. This is associated with a 
highly basic (arginine-rich) protein of 6.5 kDa within a rod-shaped nucleocapsid containing a 
39 kDa capsid protein. The length of the capsid varies with genome size (200-400 nm) but 
the width remains constant at about 36 nm. The packaging of the nucleocapsids within 
lipoprotein envelopes and the variation of the number of nucleocapsids within each virus were 
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studied. These studies resulted in baculoviruses being classified into different groups, all of 
which were known at the time of the priority date of the present application, and are discussed 
on pages 1-3 of my textbook. 

AcMNPV was used as an example in the present application because it is a virus that 
was previously used and studied at a molecular level. However, other baculoviruses were also 
found and characterised. For example, almost identical baculoviruses were found in 
Trichoplusia m, Galleria mellonella and Rachiplusia ou. Efficient expression vectors were 
produced for Bombyx mori, (Bm) NPV. Indeed at the time of filing, the complete genomes of 
five baculoviruses had been completely sequenced. One of ordinary skill in the art would be 
able to apply the techniques disclosed in the current application to these and other 
baculoviruses. One of ordinary skill in the art would be able to identify those genes present in 
the baculovirus and adapt the teaching of the current application appropriately. 

A paper published in 1998, which was submitted to the U.S. Patent and Trademark 
Office with the Information Disclosure Statement filed April 18, 2003, outlines that nineteen 
baculovirus genes are essential for late gene expression (Rapp, J.C., Wilson, J.A and Miller, 
L.A. (1998). Nineteen baculovirus open reading frames, including LEF-12, support late gene 
expression. Journal of Virology v. 72, pp. 10197-10206). The publication demonstrates that 
removing one of these genes from a mixture used to transfect insect cells abolishes the activity 
of a reporter gene held in another plasmid. Since late gene expression depends on this group 
of genes, removing any one of these genes from a baculovirus genome will be enough to 
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render the virus unable to replicate. Thus, one of ordinary skill in the art would know that the 
genes recited in Claim 3 1 are functional genes necessary for viral replication. 

As noted above, at the time of filing of the present application, there were five entirely 
sequenced baculoviruses, all of which had some or all of the genes recited in Claim 31. 
Conservation of sequences between baculoviruses is such that one of ordinary skill in the art 
would easily recognize genes with the same function. Many of the genes recited in Claims 
31-32 are known to be ubiquitous in baculoviruses. For example, lef-2, lef-8, pi 43, ie-1 and 
pp31 are found in all baculoviruses sequenced to date. 

9. The invention as claimed in Claims 27-34 is novel and non-obvious over the 
publications cited in the Office Action mailed August 26, 2004. The claimed invention has a 
number of unexpected advantages over previously known uses of baculo virus vectors, such as 
the advantages detailed below. 

I. The claimed method allows for production of a pure population of recombinant 
baculovirus not contaminated with the parental baculovirus, or the baculovirus without 
insertions of foreign DNA. This considerably reduces the number of passages through 
cells that are generally required to remove the parental contamination. The effect of 
having to spend time to pick recombinant stocks to remove this contamination is 
disclosed in the application, for example, in the table on page 4, for conventional 
techniques used in linear DNA. Thus, the present invention avoids parental virus 
contamination and saves considerable time and money in the laboratory. 
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II. The use of the intermediate host allows the production of large quantities of 
baculovirus DNA, which has the defective virus gene and so cannot replicate alone 
when transfected into insect cells. It only replicates in insect cells if a transfer vector 
with a foreign gene and a functioning copy of the defective gene is transfected into the 
insect cell so as to restore the baculovirus genome. It is not possible to produce this 
defective baculovirus DNA in insect cells because of the defect in the baculovirus 
genome. 

III. The intermediate host allows the baculovirus to be easily maintained and to be 
amplified to give large amounts of virus DNA. 

IV. Using naked purified viral DNA that is not within viral particles allows the 
material to be stably stored, for example, in a refrigerator. Viral stocks contained 
within viral capsids suffer from problems of low infectivity when stored. In my 
laboratory, we have naked baculovirus DNA that is still stable after ten years of storage. 

V. Using naked DNA allows the baculovirus vector and foreign DNA to be co- 
transfected, rather than having a two-step system where the virus is infected, and then 
foreign DNA is transfected in a separate step. This saves time and money. 

VI. The separate introduction of virus particles and plasmid DNA of previous 
methods is not considered by those of ordinary skill in the art to be an efficient process 
for the production of recombinants. DNA introduced by a viral particle will begin 



DECLARATION UNDER 37 C.F.R. §1.132 
U.S. Patent Application Serial No. 09/807,809 
Page 10 

replication. Unless the incorporation of the virus particles and the plasmid DNA is 
timed correctly, there can be zero production of recombinant viruses. The claimed 
method overcomes this problem 

10. Clark et al. (hereinafter Clark) fails to teach, suggest, or provide motivation to derive 
the claimed invention and fails to render it obvious. Clark suggests, but does not provide an 
example of a recombinant baculovirus expression system not capable of being maintained in 
an intermediate host Clark suggests the use of a modified baculovirus which lacks a 
functional p35 gene (see, for example, Figure 2). The product of the p35 gene allows the 
virus to replicate in Sf insect cells by preventing the cells from undergoing apoptosis. In the 
absence of p35 in the Clark vectors, Sf cells undergo apoptosis and the virus cell cannot 
complete its replication cycle. The only way to replicate the suggested vectors of Clark is to 
use a cell line where p35 is not needed to prevent apoptosis from occurring. The usual cells 
are Trichoplusia nl (T. m.), e.g. TN368 cells, which allow the mutated baculovirus to be 
successfully replicated prior to use. 

Hence, the method suggested in Clark suffers from a serious flaw. In order to 
replicate the suggested virus one must use a host cell, T. ni., which permits the baculovirus to 
replicate in sufficiently high numbers to allow for production of a stock of baculovirus for use 
as an expression vector. In doing so, one produces mutants. That is, one has a heterogeneous 
population of baculovirus vectors even before any experimentation is carried out on them. 
Clark uses TN368 cells to amplify their deficient virus. However, there is extensive literature 
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detailing the production of virus mutants in this cell line that are less efficient in the 
expression of very late genes than viruses produced in other cell lines. As the baculovirus 
expression system depends on the use of very late gene promoters to drive foreign gene 
expression, production of the desired protein will be reduced. 

Another disadvantage of Clark method is that the virus can still replicate at low levels 
in the normal insect cells. In contrast, the method of the present application provides for 
substantially zero replication in normal insect cells. Generally, when baculovirus is used, 
there is some contaminating parental virus without foreign genetic material integrated into it 
The relative levels of this parental virus can be reduced by, for example, passaging the virus 
several times through Sf 9 host cells, but this requires additional effort, and can take several 
weeks longer than the applicants' invention, which does not require such steps. This 
disadvantage is discussed in the specification in the paragraph bridging pages 2 and 3 of the 
application as filed. The method in Clark will produce baculovirus with mutations, and will 
also produce baculovirus vectors containing foreign gene inserts contaminated by parental 
baculovirus without those inserts. 

Clark suggests the use of only SF9 insect cells, but fails to teach the use of any insect 
cells other than SF9. One of ordinary skill in the art would not be motivated to derive 
applicants' invention from the teachings of Clark. Clark states that his technique works, and 
fails to provide the motivation to use anything other than the identified system, which 
apparently is the best way of carrying out the Clark method. With the benefit of hindsight one 
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might consider changing the cells, but Clark fails to suggest or provide motivation for such 
a change. Although alternative insect cells could be used for propagating the defective 
virus and for making recombinant viruses, Clark fails to teach, suggest, or provide 
motivation for other uses of the alternative insect cells. Clark also teaches a defective 
parental virus that can still replicate/amplify, albeit inefficiently, in the Sf9 cell type. The 
defective virus of the present application cannot replicate/amplify in Sf9 or any other insect 
cell type without the restoration of, for example, the ORF 1629 gene. 

One of ordinary skill in the art in the field of virology would know that the method 
suggested in Clark will not yield 100% recombinants , based, for example, on several 
earlier publications. See, for example, Clem, R.J., Fechheimer, M. and Miller, L.K. (1991) 
Prevention of apoptosis by a baculovirus gene during infection of insect cells. Science v. 
254, pp. 1388-1390; Hershberger, P.A., Dickson, J.A. and Friesen, P.D. (1992) Site- 
specific mutagenesis of the 35-kilodalton protein gene encoded by Autographa californica 
nuclear polyhedrosis virus: Cell line-specific effects on virus replication. Journal of 
Virology v. 66, pp. 5525-5533; Clem, RJ. and Miller, L.K. (1993) Apoptosis reduces both 
the in vitro replication and the in vivo infectivity of a baculovirus. Journal of Virology v. 
67, pp. 3730-3738. 

Clem and Miller (1993) demonstrated that viruses lacking p35 could still produce 
infectious virus in Sf21 cells (SF9 cells were derived from this original line). Although the 
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reduction in virus titres (a measure of infectivity) compared between the wild type virus and 
the p35 mutant was 50- to 100-fold, this still resulted in a yield of >10 7 plaque-forming units 
per millilitre of medium. Similar results were reported by Hershberger et al (1992), although 
in this study Sf21 cells were infected with virus using low, medium, and high doses and the 
results showed that the difference in virus yield approached 200-fold when the higher doses 
were used. These studies show that deletion of the p35 gene from the baculo virus does not 
completely prevent virus replication. Therefore, a method using this gene as a selectable 
marker to make recombinant viruses will always promote the replicatio n of the parental host 
virus to some degree . 

A publication by Kitts et al, also cited in the Office Action mailed August 26, 2004, 
teaches a method of producing a recombinant baculovirus vector in insect cells that uses 
linearized baculovirus DNA in combination with standard transfer vectors, which results in 
only 30-40% of recombinant viruses in the first round of plaque purification. Although 
linearization of the proposed host virus genome using Bsu36I helps to reduce parental virus, 
Kitts et al showed that there was still a background level of parental virus that ranged 
between from 1% to 14%. The results by Kitts et al support the assertion that the virus 
suggested in Clark will not result in the production of recombinant viruses that are completely 
free of parental stock. Even though parental virus is severely curtailed in its ability to 
replicate in insect cells, some virus will persist in the population and will require screening 
out at a later stage at more time and expense to the user of the method . The parent invention 
is more efficient and advantageously avoids this greater expense and loss of time. 
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1 1 . Patel et al (hereinafter Patel) fails to teach, suggest, or provide motivation to derive 
the claimed invention and fails to render it obvious. One of ordinary skill in the art would not 
be motivated by the teachings in Patel to derive the claimed invention. Patel uses yeast cells 
for a completely different reason as compared to the intermediate cell of the present 
application. Patel uses the yeast cells for recombination (that is, to modify the baculovirus), 
but not for maintenance of the baculovirus. In Patel, the insertion of foreign DNA is not 
carried out in the yeast cells; it is carried out in insect cells. The virus produced in the yeast in 
Patel is still infectious and is not defective . Yeast cells can be used to make a recombinant 
virus, but the Patel system does not involve the use of a defective baculovirus intermediate. 
The recombinant virus is made in the yeast cells, then recovered as DNA, and introduced into 
the insect cells. 

One of ordinary skill in the art would not be motivated to combine Clark and Patel to 
derive applicants' claimed invention in the manner described in the August 26, 2004, Office 
Action. Patel, for example on page 97, right-hand column, paragraph 3, discourages one of 
ordinary skill in the art to combine its teachings with those of Clark. This passage states that 
the yeast system allows for the rapid generation of recombinant virus without any background 
parental virus. This is also discussed at the top of page 103, right-hand column. Patel teaches 
using the yeast cell for recombination and fails to teach, suggest, or provide motivation to use 
the insect cells for this purpose. The recombination is carried out in yeast because, as Patel 
states, insect cells were known to produce parental contamination. In contrast, in the claimed 
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invention recombination takes place in insect cells. Accordingly, Patel teaches away from 
applicants' claimed invention. 

Moreover, Patel fails to overcome the time consuming difficulties associated with the 
use of the insect cells. Using the yeast system means that for every recombinant virus that is 
made, the experimenter still has to introduce a transfer vector with the foreign gene into the 
yeast cell, which harbours the fully infectious baculovirus genome. Recombination and 
selection of the yeast colonies ensures that the foreign gene is inserted into the virus genome. 
However, the baculovirus DNA must be recovered from each yeast strain containing the 
recombinant virus. Further, Patel recommends that the DNA is purified on a sucrose gradient 
to ensure infectivity (see page 99, left-hand column, second paragraph). This considerably 
adds to the complexity of the system in Patel In contrast, in applicants' invention as claimed, 
a stock of defective baculovirus DNA, purified once from bacteria, is combined with various 
transfer vectors to make recombinant viruses in insect cells. This is a considerably simplified 
and more efficient system that is easier to use than the system in Patel, which makes it 
suitable for high throughput production of recombinant viruses, which would be difficult if 
not impossible with the Patel system. Consequently, one of ordinary skill in the art would not 
be motivated to combine the teachings of Clark and Patel because there is little advantage in 
combining the Patel system with the Clark system as such combination would result in a 
system where virus DNA would have to be purified from the yeast cells for each recombinant 
virus to be made. 
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One of ordinary skill in the art would not be motivated by the teaching of Clark and 
Patel, separately or in combination, to produce vectors that can replicate in both insect cells 
and yeast cells. In fact, one of ordinary skill in the art would be motivated to avoid combining 
the teachings of Patel to Clark. Although someone could use the Patel technique in insect 
cells using the benefit of hindsight Clark and Patel alone or in combination fail to teach, 
suggest, or provide motivation to derive the claimed invention. Even if the technique of Patel 
were to be used in the insect cells taught in Clark, Clark uses SF9 cells that have inherent 
problems associated with them, as discussed above. Thus, combining the technique of Patel 
with the teachings of Clark would not result in the claimed invention. Patel only teaches 
using insect cells to produce infectious DNA particles by repeated plaque purification (see 
page 99, last paragraph), also demonstrating the difficulties of using SF9 cells. There is no 
background in Patel exactly because veast and not insect SF9 cells are used. The whole aim 
of the Patel reference is to avoid using insect cells (see page 97, right-hand column, last 
paragraph). 

Thus, one of ordinary skill in the art would not be motivated to combine the teachings 
of Clark and Patel. Many problems are associated with the teachings of Clark. Patel only 
suggests using yeast to produce a recombination event, which, according to Patel, avoids the 
problems associated with the previously known techniques using insect cells. This directs one 
of ordinary skill in the art away from using insect cells for recombination and away from the 
claimed invention. 
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12. The publication by Kitts et al (hereinafter Kitts) fails to teach, suggest or provide 
motivation to derive applicants' invention, as claimed, and fails to render it obvious. One of 
ordinary skill in the art would not be motivated to derive the claimed invention from Kitts. 
One of ordinary skill in the art would also not be motivated to combine the teachings of Kitts 
and Patel as suggested in the Office Action mailed August 26, 2004. 

Kitts teaches a method of producing a recombinant baculovirus vector in insect cells 
that uses linearized baculovirus DNA in combination with standard transfer vectors, which 
results in the production of only 30-40% of recombinant viruses in the first round of plaque 
purification. The Kitts method requires that virus DNA is digested with Bsu36I prior to use. 
Some DNA will remain undigested after treatment with the restriction enzyme because it is 
impossible to drive any enzyme-mediated reaction to completion, that is, to digest every 
circular DNA molecule. An enzyme is a biological catalyst. A catalyst drives a reaction in a 
certain direction, but only alters the equilibrium of two states. This is known to one of 
ordinary skill in the art. Therefore, when virus DNA is digested with a restriction enzyme, a 
small proportion will always remain intact This circular DNA remains highly infectious and 
can give rise to parental virus DNA when attempting to make a recombinant baculovirus. 

One of ordinary skill in the art would know that linearization of virus DNA does not 
result in the advantages of applicants' claimed method. For example, Table 1 in Kitts shows 
that using BacPAK6 after digestion results in 95% recombinants, with no apparent parental 
virus. However, on average 5% of the progeny virus had neither a parental, nor recombinant 



DECLARATION UNDER 37 C.F.R. §1.132 
U.S. Patent Application Serial No. 09/807,809 
Page 18 

phenotype. The parental phenotype should have produced blue plaques in the presence of X- 
gal. The recombinant plaque phenotype comprises the production of polyhedra after 
replacement of the lacZ gene in BacPAK6 by the polyhedrin gene. These 5% of plaques 
(ranging from 1-14% over nine separate experiments) did not produce polyhedra or the beta 
galactosidase required to turn plaques blue. Therefore, although not true parental phenotype, 
they constitute unwanted baculovimses . 

In the results reported for BacPAKS in Table 1 of Kitts, 37% of the progeny plaques 
were parental . BacPAKS is similar to BacPAK6, but has the polyhedrin gene in place of 
lacZ. Selection for recombinant viruses is achieved by loss of polyhedra production in virus- 
infected cells. Further 8% of plaques were neither recombinant nor parental in nature . Thus, 
linearization of parental virus DNA lacks the advantages of applicants' claimed method for 
producing recombinant viruses. 

As noted above, Patel fails to teach the use of insect cells for recombination and 
provides motivation to avoid using insect cells for this purpose. Thus, one of ordinary skill in 
the art would not be motivated to combine the teachings of Kitts and Patel. 

13. One of ordinary skill in the art would not be motivated to combine the cited 
publications as suggested, and would not be motivated to derive the claimed inventions based 
on the teachings of the publications cited in the Office Action mailed August 26, 2004. 
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14. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine, or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of any 
patent issuing on this application. 




Robert David Possee, Ph.D. 
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1978-1981 University of Warwick Ph.D., Virology 

Supervisor Prof. N.J. Dimmock 

PhD thesis:*The Mechanism of the Neutralization of Influenza 
Viruses by Antibody". 

CAREER: 

1981-present, NERC CEH Oxford (formerly Institute of Virology and 
Environmental Microbiology/Institute of Virology). 

1981-1984, appointed Higher Scientific Officer (HSO) in Dr David Kelly's group as 
part of a project funded by NRDC to investigate the use of cell culture to produce 
baculoviruses for insect pest control. My specific duties were to develop molecular 
methods for the analysis of baculoviruses and novel insect cell lines. This laid the 
foundation for later work on virus expression vectors, recombinant protein 
production in cell culture and work on other baculoviruses such as Panolisfiammea 
and Mamestra brassicae NPVs. 

1984-1986, appointed Project Leader (HSO) of Baculovirus research group after 
departure of David Kelly. Initiated work on baculovirus expression vector system, 
which was disseminated within the Institute and remains a staple science at Oxford 
to the present day. 

1986-1990, promoted to Senior Scientific Officer (SSO). Continued work on 
baculovirus expression vectors. Highlights include elucidation of the polyhedrin 
and plO gene promoter structure and construction of expression vectors appropriate 
for the production of polyhedrin positive viruses and production of more than one 
foreign protein. This technology was key to the later development of recombinant 
baculovirus insecticides containing genes encoding insecticidal products. 

1990-1999, promoted Unified Grade 7 (Principal Scientific Officer). A period that 
saw the construction and field testing of a recombinant baculovirus containing a 
gene encoding an insect-specific scorpion toxin gene. The completion of the first 
baculovirus genome sequence laid the foundation for future studies on genome 
function. An improved method for producing recombinant baculoviruses was 
developed and licensed to three companies. In 1992, 1 co-authored the first book 
detailing the necessary technologies required to undertake baculovirus expression 
vector work. After years of speculation, it was also discovered that insects can 



harbour baculoviruses as persistent infections (at least in the laboratory, but see 
below for further work), challenging the dogma that virus occlusion bodies are the 
sole means of survival in the environment. The mechanism whereby baculoviruses 
liquefy their hosts was also revealed to involve at least two gene products: chitinase 
and cathepsin. 

In 1993 I undertook a period of sabbatical leave in the laboratory of Professor Lois 
K. Miller in Athens, Georgia, USA. This provided a valuable insight to how one of 
the most successful scientists in the field operated and gave me the opportunity to 
develop some research ideas in the laboratory. I was also appointed visiting 
professor at Oxford Brookes University in 1998. 

1999-present, Individual Merit Promotion (Band 3). This award has given me the 
freedom to pursue further novel lines of research, which in the face of a declining 
science budget, would have been difficult to attempt. Of particular current interest 
is the dissection of heterogeneous baculovirus populations by whole genome cloning 
in bacteria. This has revealed extensive virus population diversity in natural 
isolates, without the need for further amplification in insect hosts in the laboratory, 
which may introduce artifacts. A spin-off from this approach has been the 
development of an improved method for making recombinant baculovirus 
expression vectors, which was patented. I am currently developing DNA 
Microarray methods for analysing baculovirus gene expression. A collaborative 
project on baculovirus latency with Dr Rosie Hails and Prof. Linda King has 
demonstrated that wild populations of insects may also harbour persistent infections 
and offer an alternative way for the virus to survive in the field when host numbers 
are low. 

2002- 2003, appointed Deputy Director, CEH Oxford 

2003- 2004, Acting Director, CEH Oxford 

2004 - present, Head of Department, CEH Oxford 

SUPERVISION/MANAGEMENT OF STAFF: 

Since 1984, 1 have supervised 4 science budget supported core research staff, 20 
post-doctoral research fellows, 19 graduate students (PhD/D.Phil) and 4 research 
assistants. I have also hosted 7 visiting scientists from overseas. I have also had 
other management responsibilities involving the workshop staff at CEH Oxford and 
a photographer. 

MANAGEMENT TRAINING: 

Attended weeklong residential JTS course on Development for Senior Managers in 
1998 and a half day course on communicating with the media. More recently, 
attended a one-day training course on safety for senior staff in Swindon. 

TEACHING EXPERIENCE: 

I have taught on undergraduate courses at Oxford University and Oxford Brookes 
University. I have also served as an external examiner for the University of London, 
University of Southampton, and as an internal examiner for the University of 
Oxford. PhD theses have also been examined from France and India. 
Other extramural teaching has involved assisting the running of practical workshops 
on baculovirus expression vectors in Oxford, Paris, Argentina and Brazil 

SCIENTIFIC MEETINGS ORGANISED: 

I co-organised two International Workshops on Baculovirus Expression Vectors, in 
Oxford in 1988 and 1990. I also co-organised the Baculovirus workshop at the 
International Congress of Virology, Glasgow, 1993. I was a member of the 
Scientific Advisory Committee for Baculovirus and Insect Cell Gene Expression 
Conferences at Pinehurst, NC USA in 1995 and in Jersey in 1997. Large DNA 



virus workshops have also been organized at various meetings of the Society for 
General Microbiology in the UK. 



EDITORIAL BOARDS/INTERNATIONAL COMMITTEES: 

I have been a member of the Virology Editorial Board since 1988; similarly for 
Journal of General Virology 1989 - 1992 and the Insect Virus Editor for the same 
journal since 1995. I was a member of the ICTV Baculovirus study group, 1990- 
1996 and am currently a scientific advisor to the EU Animal Cell Technology 
Industrial Platform (ACTIP). 

CURRENT MEMBERSHIPS OF PROFESSIONAL SOCIETIES: 

American Society for Virology 
Society for General Microbiology 
Society for Invertebrate Pathology 
American Society for Microbiology 
Biochemical Society 

European Society for Animal Cell Technology UK 
GRANTS/CONTRACTS AWARDED: 

1. NERC Special Topic Award (1986-1989) 

"Risk Assessment of the Release into the Environment of Genetically Engineered 
Baculovirus Insecticides". £60,000 (1 HSO/PDF) 

2. NERC CASE Studentship (1986-1989) 

CASE award with Professor R. Southwood, Dept of Zoology, Oxford University 
"Molecular Biology of Autographa californica nuclear polyhedrosis virus" 

3. Department of the Environment (1986-1989) 

"The Risk Assessment of Genetically Engineered Baculovirus Insecticides" 
£200,000 (1HSO/PDF, 1 SO/technician) + equipment (ABI DNA sequencer, 
£86,000). 

4. NERC CASE Studentship (1987-1990) 

CASE Award with Dr L.A. King, Oxford Brookes University 
"Biological and Genetic Diversity of Baculoviruses" 

5. Wellcome Environmental Health (1988-1991) 

"The development of genetically engineered baculoviruses as novel, safe, specific 
and environmentally acceptable insecticides" £200,000 (2 HSO/PDFs). 

6. EC Biotechnology Action Programme (1989-1991) 

"Risk Assessment of the Field Use of Genetically Engineered Baculoviruses" 
£45,000 (1SSO/PDF). In collaboration with Dr J. Vlak, Wageningen, Netherlands. 

7. NERC CASE Studentship (1989-1992) 

CASE award with Dr L.A. King, Oxford Brookes University 

"Latent baculovirus infections in field and laboratory insect populations" 

8. NATO Collaborative research grant - for travel (1990-1994) 
"Development of genetically engineered baculovirus insecticides containing 
modified JHE genes"£5,000. 

In collaboration with Dr S. Maeda and Prof. B. Hammock, Davis, California. 

9. Department of the Environment (1990-1993) 

"Risk assessment of baculovirus insecticides" £379,000 (3 HSO/PDF). 

10. NERC CASE Studentship (1991-1994) 

NERC CASE award with Dr L.A. King Oxford Brookes University 
"Analysis of baculovirus late gene expression factors" 

11. Pfizer (1991-1994) 
DPhil studentship 

"Baculovirus expression vectors" £53,000. 



12. Glaxo (1991-1994) 

DPhil studentship 

"Production of recombinant proteins using baculoviruses and insect cells" £50,000. 

13. EC BRIDGE Programme (1992-1994) 

"Biosafety of genetically modified baculoviruses" £85,000 (1HSO/PDF) 
In collaboration with Dr J. Vlak and Dr J. Huber, Darmstadt, Germany. 

14. NERC CASE Studentship (1992-1995) 

CASE award with Dr L.A. King, Oxford Brookes University 
"Baculovirus molecular biology" 

Student resigned studentship in first year; award terminated 

15. EC BIOTECH Programme (1993-1996) 

"Baculovirus RNA polymerases" £135,000 (1 HSO) 

In collaboration with: Dr D Knebel-Moersdorf, Cologne, Germany; Dr M. Lopez- 
Ferber, San Christol, France. 

16. NERC CASE Studentship (1993-1996) 

CASE award with Dr L.A. King, Oxford Brookes University 
"The role of chitinase in the baculovirus infection in insects" 

17. NERC Faraday Studentships (1993-1996) 

2 awards with Dr L.A. King, Oxford Brookes University and Dr J. Windass (Zeneca 

Agrochemicals) "Genetic engineering of baculovirus insecticides" 

2 awards with Professor D.H.L. Bishop, IVEM, Dr A. Kingsman, Oxford University 

and Dr T. French, British Biotechnology Ltd. 

"Baculovirus expression vectors" 

18. EC BIOTECH Programme (1994-1996) 
"Minireplicon baculovirus expression vectors" £102,000 (1HSO) 

In collaboration with Dr Just Vlak, Wageningen, Netherlands; Dr Dagmar Knebel- 
Moersdorf, Cologne, Germany; Dr Miguel Lopez-Ferber, San Christol, France; Dr 
Christian Oker-Blom, Turku, Finland. 

19. Pfizer (1994 -1997) 

PhD studentship "Baculovirus expression vectors" £50,000 (PhD) 

20. NERC CASE Studentship (1995-1998) 

CASE award with Dr L.A. King, Oxford Brookes University 

"Genetic and biological analysis of host range determinants in baculoviruses". 

21. NERC Small Research Grant (1996-1997) 

"Analysis of field collected insects for the presence of persistant baculovirus 
infections" £22,777. 

With Dr L.A. King, Oxford Brookes University 

22. NERC Standard Research Grant (1996-1998) 
"Evolutionary and biological significance of baculovirus chitinases" 
With Dr L.A. King, Oxford Brookes University 

23. BBSRC Standard Research Grant (1996-1999) 
"Baculovirus RNA polymerases" £138,000 

With Dr L.A. King, Oxford Brookes University 

24. NERC EDGE Programme Grant (1998-2001) 

"Pathogen variability and dynamics in insect populations" £305,167 

With Drs J.S. Cory and R.S. Hails (IVEM and Drs A.D. Watt and S. Hartley (ITE 

Banchory). 

25. NERC EDGE Programme Grant (1998-2001) 

"Genetic variation and the dynamics of pathogens in host-pathogen interactions" 
(£250,000 with Dr J.S. Cory (IVEM); Prof. M Begon and Dr D.J. Thompson 
(Liverpool). 

26. EC BIOTECH FP IV (1998-2000) 

"Baculovirus surface display - Developments and applications" £372,400 total 
(£108,500 [UK award] with Dr I.M. Jones (IVEM); Dr C. Oker-Blom (University of 
Helsinki); Dr R. Grabherr (Institute of Applied Microbiology, Vienna; Dr J. 
McCafferty (Cambridge Antibody Technology Ltd. 

27. HSE (2001 - 2003) 



"Development of an air sampling/biosensor system to detect genetically modified 
viruses" £35,000. 

28. CEH Integrating fund (2001 -2004) 

"Interactions between viruses and lepidopteran larvae in different stress states" 
£150,000. Jointly held with Dr Daniel Osborn, CEH Monks Wood. 

29. NERC CEH New blood position (2001 - 2004) 
"Bioinformatics" £150,000. Jointly with Prof. Mark Bailey. 

30. NERC Innovation fund (2000 - 2002) 
"Development of baculovirus expression vectors" £52,337 

31. NERC non-thematic (2001 -2004) 

"The ecological and evolutionary significance of latent baculovirus infections in 
insects". £282,846. Jointly held with Dr Rosie Hails (CEH), Prof. Linda King 
(Oxford Brookes University) and Dr Steve Sait (University of Liverpool). 

32. OST Molecular Infrastructure Award (2001) 

£750,000. Submitted on behalf of CEH and in collaboration with Prof. Mark Bailey 
(CEH Oxford). 
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DNA only gains a biological function by being inserted into a living cell. 
Hence work with DNA itself {'naked' DNA) is not generally thought to 
constitute a safety hazard even if new nucleic acid molecules are 
formed. Risks associated with most activities that might foreseeably be 
undertaken with naked DNA in school laboratories, such as gel 
electrophoresis, cutting with restriction enzymes, ligation and the 
polymerase chain reaction (PGR) can therefore be controlled by norma! 
good laboratory practice. 

The one exception to this is full length copies of viral DNA that are 
infectious in their own right. These are legally regarded as 
microorganisms even when they are not encapsulated or enveloped 
[18], This means that if full-length viral DNA (such as DNA from phage 
lambda) were to be combined with DNA from other sources, a 
genetically-modified organism would have been created. For such work 
to be undertaken, the premises would have to be registered with the 
Health and Safety Executive (HSE). A brief summary of the 
regulations governing such work is given in section 3.3 below on 
Transformation'. 



2.1 DNA extraction 

Simple practical tasks such as the extraction of DNA from 
microorganisms, plant or animal tissue e.g., fish sperm, may all be done 
following the relevant good laboratory health and safety precautions. 
For instance, where microorganisms are involved it is important to 
observe good microbiological practice. 

If DNA is to be extracted from human tissue e.g., cheek cells, for 
amplification by the PCR, the sampling procedure must be designed to 
minimise the risk of the transmission of infective agents between 
participants (for example, students should only work with their own DNA 
samples). It should also be borne in mind that crude extracts of DNA 
may still contain allergens or toxins present in the source material and 
must therefore be handled appropriately e.g., if the seeds of a plant that 
contains a toxic alkaloid have been used. 



The extraction of DNA from calf thymus tissue is sometimes referred to 
in school texts, although since the advent of BSE and vC JD this should 
no longer be done, as there is a risk (albeit small) of accidental 
exposure to the infectious agent while the extract is being prepared. 

2.2 DNA from laboratory suppliers 



http://ww.ncbe.reading.ac.uk/NCBE/SAFETY/dnasafety2.html 
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DNA from a variety of organisms is available from molecular biology 
and school suppliers. Sources include bacteriophage lambda, salmon 
sperm and even cloned human DNA. While these can generally be 
regarded as safe, DNA from mammalian sources may not have been 
screened to ensure that it is free from contaminating viruses. It is 
therefore recommended that such material is not used in schools. In 
addition, full-length viral DNA that may have been genetically modified 
must not be used without prior registration with the HSE (see section 
3.3, below). 

2.3 Manipulation of DNA in vitro 

With the exception of full-length viral DNA mentioned above, restriction 
and ligation of plasmid or other DNA ; DNA gel electrophoresis and the 
polymerase chain reaction (PGR) may all be performed in a school 
laboratory. 



2.4 Ethical considerations 



Wider issues, including ethical concerns associated with the use of 
human DNA that may be construed as 'genetic tests' are beyond the 
scope of this safety document. Teachers should be aware that such 
issues may arise and ensure that any relevant practical procedure 
addresses these concerns by. for example, the random mixing of 
samples or the judicious selection of the DNA sequence to be 
investigated. Where appropriate, the relevant authorities may be 
consulted {e.g., the UK Human Genetics Commission ). 



SECTION 3 ► 
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Genetic engineering sometimes involves "naked DNA," which is DNA stripped of 
the proteins that usually accompany it. Naked DNA can be created on purpose 
in the laboratory or can be unintentionally created during the genetic 
engineering process. 

Using naked DNA can make it easier to transfer genes to a new cell during the 
genetic engineering process since the proteins that are usually attached to DNA 
can change the way it behaves in its new host - in some cases, making it much 
harder to successfully transfer a new trait into a plant genome. 

But the same things that make naked DNA useful in the genetic engineering 
process also make it potentially dangerous. Freed of its regulating proteins, 
naked DNA can be taken up more easily by other cells. Once inside a cell, the 
DNA can integrate itself with that cell's own genes in new and unexpected ways, 
possibly producing biologically active levels of toxins or substances that can 
cause allergic reactions. 
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In the past, most scientists assumed that naked DNA was quickly broken down 
in digestive systems of animals when eaten, or in the environment by bacteria. 
But numerous recent experiments on genetically engineered vaccines have 
shown that naked DNA can be absorbed in ways and places previously believed 
not possible. For example, studies in the International Journal of Pharmacology 
and the Journal of Clinical Investigation have shown that naked DNA is readily 
absorbed when applied to human skin. And Terje Traavik, a professor at 
University of Tromso in Norway, found in 1995 that naked viral DNA can be 
more infectious than the intact virus. Traavik tested "human polyoma virus" and 
found that when injected into rabbits, it had no effect. But when he injected bits 
of the naked viral DNA, it gave the rabbits a full-blown infection. 



Many natural viruses and other pathogens affect only one or a few species. But 
genetic engineering breaks natural barriers that separate species. This means 
the genes transferred in the genetic engineering process, such as viral genes, 
can become "promiscuous," or able to incorporate themselves into many types 
of cells, triggering infections where they have never occurred previously. 
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Prevention of Apoptosis by a Baculovirus Gene 
During Infection of Insect Cells 

Roi-li e J. Clem, Marcus Fecimeimbr, Lois K. Millk*.* 

Programmed cell death is an active process of self dcatmoioa that ic important in bath 
the development and maintenance of multicellular animals. The molecular mechanisms 
controlling activation or suppression of programmed cell death arc largely unknown. 
Apoptosis, a morphologically smd biochemically defined type of programmed cell 
death commonly seen In vertebrates, was found to be Initiated during baculovirus 
replication in insect cells. A fipedfie viral fiteine product* p3S r v«s identified as being 
responsible for blocking the apoptoric response. Identification of the function of this 
gene will allow further definition of the molecular pathways Involved in the regulation 
of programmed cell death and may Identify the role of apoptosia in invertebrate viral 
defense systems. 



2B). These protrusions , normally diiap. 
pcared, and by 24 hour* occlusion bodies 
were visible in the nuclei. Cells infected with 
wild-type virus remained intact for 72 hours 
or more- This transient blebbing at 12 hou w 
did not occur in TN^368 cells infected with 
either wild-type or vAcAnh (15). In vAo- 
Anh-lnfcctcd Sf-21 celb s protrusions ap- 
peared on the surface of the cells (Fig, 2C) 
char were «imUar to protrusions observed in 
a wild-type infection. However, Instead of 
disappearing with time, rhc Webbing pr> 
cess Intensified and large, membrane- bound 
bodies arose and separated from rhe cdls 
(Pig* 2D). The nucleus and cytoplasm of an 
affected cell were sectioned into these bodies 
until only a cluster of bodies remained For 
an individual cell, the entire process of dis- 
integration required approximately I to 2 
hours. The subcellular bodies, which arc 
morphologically similar to apopcoclc bodies, 
remained over the next few days. 
TWt mitochondria of Nebbing cells rc- 



D — — - " - - - . , ^-j - w W 

which accumulates in nutochondria with an 
active membrane potential [16), revealed 
energized mlrochondria in rhc blebbing celts 
and in some of the bodies themselves (Fig. 
2, E and £), Our results are similar to chose 



APOPTOSIS ts a MAJOR. MECHANISM marker rescue to the AcMNPV Eco RI-S 

of physiologically relevant cell death fragment (Fig- lA^hich contains the er>- 

in vertebrates. Cells undergoing *p- tircp35 gene and aporcjon of the p94 gene 

optx>«i£ generate m^brane-rjound subccllu- (14). The Eco Bl-S fragment of vAcAnh 

lar opoptonc bodies and activate an endog- was doocd and partially sequenced. A 754- 

enous nuclease mat cleaves the cellular base pair deletion was found that would 

chromatin OKA into discrete fragments, result in the truncation of p35 by the remov- nvuncd fiinctionally jnmct during the bler> 

Apopcwis is ascribed roles in processes a* al of 132 amino acids from the earboxyl bing process. Staining widt rhodamJne 

diverse as cmbryogeoesis, mmor rcgrcttiori> terminus and the addition often amino adds 

and cytolytic T eelUilrcetrd killing of viraily acquired byi fusteil into the adjacent hr5 

infected ceils {1-5). Prograrnmcd cell death region (Pig. 1, B and C). 

also participates in insect development and To confirm mat rhe deletion of vAcAnh in 

tissue homeostasis (<C-9), although chroma- p35 was responsible for me annihilator phe- , 

tin digestion, the biochemical hallmark of ootypc, wc inactivated P 3S of wild-type Ac- of previous studies, which showed morphc- 

apoptosis, has nor been documented in in- MNPV by inserting the Escherichia coli hcZ logically intact mitochondna m jpoptoric 

vortenrate programmed cell death, gene (Fig- LB), resulting in the recombinant cells and apoptone bodies (2^). These re- 

Our observation of apoptosis in baculo- virus vP35& The phtnorype of vF36Z is suits tuggest matmecelb art undergoing*! 

virus-infected insect cells arose during the idmdcaJ to that of vAcAnh (below), a itsuli active process of eel) death 

characterization of a mutant of the baculo- tbatindkates rhc presence of the kmxpH A* nude* of jAcJ^mfccted SF-21 

virus California niulrjply-cmbed- gene is required to prevent premature death ccfo . brofce up Into small rrt^cntejhinng 

^udca^lyiKdrosis virus (AcMNPV). of AcMNP Y^nfectcd SF-21 cells. the bfcbbuig process (Fig. 2, G and H), and 

AcMNPV presses a 128-kb circular DMA ■ SF-21 cells infected with wild-rypc AcM- ■ <^ 

^otTWTOwrepUcatcsinthenudeusofits NFV *nd vAcAnh were examined by mi~ the bod,* released by the dying eeU.Thn 

Cea host cell (W). The infection is iytiq CtOccopy (Fig. 2). During a wud-rype AcM- type of nudear disintegration is also ob- 

cell lysis normally occurs 72 or more hours NPV infection, small protrusions transiently served «■ process of apoptosis (W). 

after Infection, after the virus particles are appeared on the surface of the infected cc\is 

embedded in protelnaccous polyhedral oc- apprcfldmarery 12 hours after infection (Fig. 
elusion bodies. During routine arprcsnon 
vector screening, the viral mutant, named 
rhe annihllamr (vAcAnh)* was isolated as a 
small plaque lacking occlusion bodies* In 
initial studies, vAcAnh was used to infra 
cell lines derived from three different spedes 
of lepjdopteran insccB. The mutant caused 
premature death of Spodopxcr* Jh^ijpcrrt^ 
(SF-21) (11) and Bvmbyx man (BmN-±) 
(12) cells but not Truhopfwia ni (TN-368) 
(ti) cells. Wc therefore propagated and 
titered vAcAnh using the TN-368 ceU lioc 
The vAcAnh mutation was mapped by 



Because the morphological evidence (Fi^ 
2) indicated that vAeAnh-infcctcd SF-?1 
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Re> 1. Mapping and seflueadng of th« vAcAnh 
mutarien >rtd conmnietion of vP3SZ. the plS- 
t&/& inscrooii mutant (24), (A) Partial genome 
map of AeMNFV. The threw n«Jor open reading 
frvnes in the region, which encode p!«r, p3S, artd 
p26 arc indtqcol by artows. Numbers tq paren- 
theses rewcient map unie oft the AcMNPV 
genome, JThe iiffi region is one of six homologous 
regiunr in AcMNPV penome that are highly 
repetitive and contain multiple £co Rl filtes {2J). 
The resmcdon sites are m follows; B, Bel J; £, 
Eco JUi H t Hind IH; and S, Sal I (B) Expanded 
view uf the region surrounding the pzf gene, The 
dtc of the IscZ Inscnbn (hatched bo*) is indict- 
ed, as Is the enenr of die ckkciun in vAcAnh (line 
beneieh me gsnom*), (A) and (B) are drawn to 
Kolo, WICCpt for the larZ 
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C a#r om v-ai l»i Tyr apf but »b« Val rhe sin Am *r* 

sarrpundlng mo xAcAnh 



ia^-rt, wltiCh Is * 2 kb in 
length. (C) Nncleodde 

«Q«encc and predicted amino acid sequence of the region immediately surrounding ^, 
deiotion. The irrow indicates the juncnon Cr=a«d between jposidon + 502 of p3S [U) and i( 
-296 Gtp2t {25) (from the Uiirlation eodom),, The asterisk indicates a stop codon. 
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i( S were undergoing an apoptosis-Ukc rc- 
wc examined the chcdrtiarinDNAot 
Vj.rype and pSS mutant-irtfeeted cell* by 
^ose gel electrophoresis. A characteristic 
iDhcmlcal feature of apoptosis is die <=n- 
Luckolytic cleavage of die cellular DNA 
m» a chromatin ladder consisting of dis- 
Itt fragments of oligonudcosoowl length* 
J* The DNA of SF-21 cetfc infected with 
Uer of tt>* twv pJ5 rauranes, vAcAnh or 
j3$Zw ww digested into fragment* ch«ac- 
kfc of a chromatin ladder (Pig- 3). TW* 
gradation began between 6 and 12 hours 
fat infection and increased with time. As 




expected (IS), the DNA of wild-typoinfea- 
cd SF-21 celt remained in a high molecular 
weight form overthc course of the infection 
(Fig. 3), as did the DNA of TN-368 «fe 
infecrcd with the wild-type or cither of the 
two mutants (IS). The DNA of cells killed 
by trcexe-thawing also remained in n high 
molecular weight form (Fig. 3)* further 
indicating that pSS mutant-induced DNA 
fragmentation was not simply due to rapid 
necrosis. In addition, cell viability, as deter- 
mined by trypan blue exclusion, correlated 
with DNA fragmentation (legend to Fig. 3), 
The chromatin degradation and microscopy 
data (Big, 2) indicate that premature death 
in p3S mutanMnfoctcd cells occurs 
by the process of apoptosis. 

Thus, p35 blocks the ipoptotic response 
that SF-21 cells mount In response » AcM- 
NFV infection. Preliminary data indicate 
that p35 affects the nte at which host pro- 
tein synthesis is curtailed and lore vital gene 
cxprcssiop fe Irotiated (15). The transition 
from the early to the late phase of viral 
replication occurs apprmrimately 6 hoars 

, wAnAnh ' VFSS2 
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1.64- 
1.02- 



0,52- 
0,40- 
0.34- 

o,w1 

0.22- 



Ffr a. Fhenotype of vAcAnh at the mierostoplc 
bt|. (A * D) SF-21 ceils were elroer mock- 
WeeieSW wild-type AcAlWV-infected (B), or 
*AcAnh-lnfected (C and D) and observ ed »i 1 2 
Wkt* after infeedon with differential interference 
US). Cell* In early (C) and later 
{D) st3Kni af Webbing arc shown. Because the 
•poptoite response ts not perfectly wnehronous, 
«IU do not appear to be blebbingi even 
*oj»gh < 20% and <5% of the colls remain viable 
and 36 hours after infection* recovery 
Ot&id to Fig.' 3). (E and F) Btcbbinff cells 
1 »tfcwt Ift&cc mitochondria, as judged by _thdr 
&$nv to be fftaincd with rliodaminc 123. SF-21 
infected with vAcAnh (12 hours after infce- 
^Hifen? rained with modamlnc 123 and ex- 
imiiffd by phase-contrast (E) and flourcscenee 
(e);^icroycopy {26). The stain was confirmed to 
^I4pcdfic for Intact mitochondria by trmting 
jferf cell* wiib the proton ionophort 2.4- 
JjH^enoi, which resulted in rapid desidrong 
J^^G and N) Nuclear rrigmcntation in Web* 
b $E£lb. vAcAjih-infccted 5F-2X alls (D hmin 
^^^ptfecnon) were rand* stained with the nude- 
4ri4»ain Hoechst 033342, and examined by 
trasi (Q) and fluorescence (H) micro*- 
. Ban, 20 ^.m. 

BCS. 1991 



Flo, S. Agwos? gel Showing PNA fagmentanon 
in SF-21 eclb infected wi* ^ munnt v^u*a. 
Total DNA &om mocb-inftctcd (M), 
thawed (ft), wikl-typc AcM^-tofcctc^ vAo 
AnWnfecccd, or vP35Zrinftctcd celb wa« isohtcd 
it various rime* after infection, subjected CO ara.- 
rox «1 dixtiophoKais, and vbuatod by cthld- 
ium bromide ttalniog (27). Sfce maACn are mdl- 
CMtd TO OS* left (in WlobasCJ). NumbeW at the top 
indicate hour* .after Infection- The percentage of 
viable Ctlb in each sampla and die percentage of 
tocal DNA In tegmenta (in parentheAep) was a* 
foifcw* (27): mock, 98.3% (0.Q%)i T>«m* 
thawed, l.&% (9.7%)i wild type ; ttt 6 hOtt^ 
99 0% (0 0%); wild type at 12 noun, 5W2% 
(5,1%); wild typ* at U hours, 93.8% (7.1H); 
wild ry>c at 36 £un, 97,5% (7.0%); vMMh « 
6 hourtT98^ (0.0%); vAcAnh at 12 houta, 
62 S% f28 1%)', vAcAnh at 24 hourt* 17J9b 
(63.7%)\ vAcAnh » 36 hou^, 4.7% (67,996); 
rFSSZ M 6 hoiws 9^.3* (0.0%); vP3SZ at 12 
hows 67*6% (-7.0%)* vP35S at 24 houn, 
20.2% (S3.P%); v P a5Z M 36 hout '' 6,6% 
{62.1%). 



after infection, the time ax which apoptosis 
is iniriatect Because RNA and protein syn- 
thesis are required foe apoptpsis to occur (3, 
4), p35 may directly or indirectly interfere 
with the synthesis of cellular proteins thar 
induce apoptosis. Transcription of p3$ oc- 
curs almost immediately on viral entry and 
continues throughout the course of the in- 
fection (K 19). Thus, p35 is present by 0 
hours after infection and may be rexruircd to 
nwunrain the block throughout the remain- 
der of the infection process- 
As determined by computer-assisted se- 
quence analysis, the predicted p35 gene 
product (J 4) shares no discernible $cquenot 
relationship to any proteins in current gene 
databases, including the three other geno 
products thar. have been found- to regulate 
apoptosis. Two of the genes known to reg- 
ulate apoptosis, the proto-oncogene bcl-1 
and the Epstcm-3arr virus btcnt gene IMP 
1, block the apoptodc response of B rym- 
phocytcs by an unknown bur apparently 
common rncchanisin (20, 23). The third 
gene, the rumor-suppressor gene eacociirtg 
p53 7 induces apoptosis in a myeloid leukc- • 
mic cell line, again by an unknown moch»- 
nism (22). All three of these e^cs. regulate . 
apoptosis in cells of the mammalian immune 
system. The p3S gene, however, regulates 
apoptofla outside the unrrmne system. Bo 
cause the regulation of apopcoals te r^pcettd 
to be a critical tactor in cell proUrmriOO, 
and therefore in rumorigenests, it will be 
unpottant to identify the mechanism by 
which this protein control* cell death. 

For the host organism, a cellular apop- 
cone response during viral infection proba- 
bly has significant effects on viral pathogen- , 
csis- Apoptosis may have evorvod a* a. 
primitive viral defense response in animals 
lacking humoral Immune systems (5, 23). 
The amount of budcUd and occluded virus 
obtained from vAcAnh-infecrcd SF-21 cells 
and of occluded virus obtained 

ically reduced compared to amounts of vt. 
ruses obtained in the wild-type strain. Thus, 
the presence of p3S Is expend to «ignifr 
candy increase the virulence of AeMNPV in 
at least some hosts. Overcoming this type of 
host defense response could contribute to 
the ability of AeMNPV to infect a broader 
range of insect cells. 
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Is w1&.nt* »f the ta^-S^^^feS r^6^1ll^tl, ,35 n,*™* .Joe, not 

^ «. .poploris (R. ^™' M N ^t^c D ; tocXS and^X S", '"'sect S pedes. ™««*» 
Ibe rffBrtofapoploa.. ^/^^'^J ?. with mutants than in edit Infected with 

vtnl progeny ws slgndkanWy lower h« ,bn<>rmai In SF-21 cells infected with ,35 

raoiaaU; lb«r* wis » ad»y in the ^" "t^'^Tate in c>* apoplo«c procw*. In vivo mar/sb 

of very tote and » loW cemttoo ofprotata »S. /hatomfa torwevrM apprwlmatery 

rotated tbftt the dose of buddtd virus reqwM ^J**'^^ ^22. me replication and inhctlvfty 



Apoptosis, a distinctive type of programmed cell death, 
was P fixst described In WTO by Kerr « * M 
widely recognized as being vital to a diversity of biological 
processes, including embryonic toetopney, tawe ho- 
meostasis tumorigeocsis, and the lysra of viralhy infected 
c^^^toxioT lymptorytn (42) In addmon to being 
toponLrin orgamsmal and cellular functions, apoptosis 
also appears to be an important factor in the repletion 
strategics of o wide variety of eufcaryotic viruses. A number 
Of disparate viruses art known to trigger apoptosis during 
infection <K 20, 24a. 2S, 40), and numbers of at least three 
different virus families, Herpesvtfd**, Adenevtndat, and 
Bacutovlridae, possess genci which can P^^t ^o^c 
cell death of their host cells (2, 3, W, 43). Inhibition of 
apoptosis has also been correlated with viral latency (13ft) 
aid persistence (24a). The ability to block premature death 
of Ac host cell should provide significant advantages for 
most obligate intracellular parasites, although the extent ol 
these advantages for lytic viruses has not been fully ex> 

^ Apoptosis occurs upon infection of either the Sjx^tera 
Jrugipirda SF-21 (3, 16) or the Bombyx mart BmN-4 (3) ceD 
line with Autograft* calijomie* nuclear polyidrosis ; virus 
fAcWNPV) mutants lacking a functional p35 gene. In the 
case of SF-21 cells, the majority of the cells imaergo 
apoptosis within 12 to 24 h postinfection (p,i.) ; and no 
occlusion bodies arc formed p). In comrasv Infecnon of 
Trithoplusia nl TN-368 cells with p35 mutants results m 
normal virus replication, including occlusion body produe- 
lion during the very late phase of infection between 24 to 70 
h pi (3, 16). Both the SF-21 and TN-368 cell lines are fully 
permissive for wild-type (wi) AeArfNFV replication, whereas 
the BmN-4 cell Uno does not normally support productive 
AcAfNFV replication, although significant expression from 



* COTTt*pCi«fMng author. 



all three temporal classes of viral promoters Is observed (30).- 
In addition, the /^-homologous gene froni i the baculovi™ 
& mort nuclear poryhedrosis vims (BmNP V) also appears to 
bo involved In preventing apoptosis in BmN Cecils as >Jnfe* 
tion with BmKPV mutants lacking the BmOTVpJJ-nomoi- 
ogoua gcae results m a mixed phenotype with some celh 
becpmioe apoptotic and others supporting toll virus replug 
tion (21). However, vdthough difference* in the response of j 
various cell lines to p35 mutant Infection have been observed 
(3, lr$, 21), it is not known whether these differences arc, 
species specific or cell line specific. . 

The mechanism by which P35 acts in blocking apoptosis Is 
not dear, although Insights into its function aTe begi^B ™ 
emerge, infection of SF-21 cells with wt AtMWV but not 
P 35 mutant viruses is able to block apoptosis triggered hy • 
nonviral signal, acthtomydn D, suggesting thai P3S (possiWjf 
In conjunction with other viral gene products) b able to 
interact directly in the hose apoptotio pathway ratii«rUiu 
acting by preventing viral triggering of apoptosis («. Ho^ 
ever, if actlhomydn D is added to Ihe cells prior to 5 h p-l ; . 
apoptosis results (fi), indicating that vtrU gene expiessio* lj* 
required for tahibiiion of cell death. Consistent with a role 
cartV in the infection process, thc^JJ gene is trtmse^cdftt 
both carry and late rimes in Infection (10, IX, 19, 31)- W 
predicted sentence of the P35 polypeptide (11) curreoWr 
provides little or no help in understanding hs fimctioa,. 
although the C twraraus of P35 f including the last 12 amrt*[ 
acids,, is known to ba eesential for function (1<5). 

P3S Is not the only baculovirus gene product able to Woeji 
AcMNPV- or actinomycin D-triggercd apoptosis; a seconj 
gene encoding a gene product with a zinc finger-like mew 
was identified In, the genome of Cydia pomonclla granulosfi j 
virus (CpGV) as 'a gene capable of b, ° c ^ ifffi 10 ,!? j 
triggered by infection with p35 mutants of AcAfNPV 
EiSctlvcly thifi gene, known as tap (for inhibitor of apopwjj 
sis), can replace p3S function In blocking apoptosis in SF-»j 
cells. A homolog of tap Is also found in the AcMNf v : 
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flcnome, out the AeAtfNPV irt/j-horaoiogOus gene (Ac-«ip) is 
unable to block apoptoaia in the absence of p35 fB). It maybe 
that both AO-lAP and P35 aro' required and interact to 
prevent apoptosis during AcMNPv infection of SF-21 cells; 
alternatively, Ae-lAP may have evolved a different function. 

Tht role of apoptosb fu the control of virus infection by 
cytotoxic T lymphocytes In venebfaTes haa led to the 
suggestion cliat apopiosis may have originally evolved as a 
defense response to viral Infection in primitive animals 
lacking a humoral Immune system (6", 27). The observation 
that apoptosis occurs in insect cells infected with p33 mu- 
tants of AcAfNFV provides an ideal model with which to test 
this hypothesis and also to explore the impact that apoptosis 
may havo on viral infection In the absence of an antibody 
response* Very little is known concerning insect defenses 
against virus infection; although insect hemocytes can pro- 
vide cell -mediated Immunity to bacterial pathogens through 
phagocytosis or encapsulation (13) > neither cell-mediated 
nor humoral immunity has been demonstrated against bacu- 
lovirvs infection in insects. 

In a recent report, Hershberger ei ah showed that disrup- 
tion of>35 results in reduced yields of progeny budded, virus 
(BY) and decreased synthesis of late viral proteins in SF-21 
but not in TN-368 cells (16), Here we confirm and extend the 
in vitro results of Hcrshberger et al. and further analyze the 
replication and InfectMry of AcA/NPVe35 mutants in Insect 
larvae. The wfectrvitios of wt AcAfNPV and the/tf5 mutants 
were similar In T. ni larvae* and replication of these viruses, 
including the expression of selected viral transcripts and 
viral proteins, was normal in TN-368 cells. In S* frugiperda 
larvae and SF-21 cells* however, apoptoaia had an adverse 
effect: p35 mutants were significantly 1*5S infectious in vivo 
and were impaired in their replication, transcription, and 
protein synthesis in SF-21 cells. This finding represents the 
first experimental evidence at the orgatusmaJ level thai 
apoptosis provides hoar proration against viral infection and 
supports the hypothesis that apoptosis may have evolved as 
an antiviral response In primitive animals. The ability to 
block such a response also appears to be an Important host 
range determinant in baculovirus infections* Finally, a delay 
tn viral gene expression was observed inp3S mutant-infected 
SF*21 cells, suggesting a role for P35 in the timely expression 
of ftariy viral genes involved in Mocking the apoptotic 
response of the cell, 

MATERIALS AND METHODS 

Viruses, cell Jiittt, and Insects. Wild-type (L-l strain) 
AcMNPV (24) and the /*W-revertant viruses vAnhHfOTtad 
VP352RS were propagated in IFLB-SF-21 (SF21) cells (41) 
by previously described method* (35), The AcMNFV 
mutants, annihilator (vAoAnh) and vP35Z (3)» were propa- 
gated in TN-368 cells (17). BV titers for all of the viruses 
were determined by plaque assay using TN-368 cells as 
described previously (35). SF-21 and TT4-368 cells were 
maintained at 27*C in TC-100 medium (OIBCO BRL Labo- 
ratories, Gaitheraburg, Md.) supplemented with 10% fetal 
bovine serum (In terpen, Purchase, N.Y.) and 0.26% tayptoae 
broth, S. frumperda and T. ni eggs were klndiy provided by 
JV. Deryck Perkins (AgricuJUiral Research Service* U.S, 
Department of Agriculture, Tifton, Gfrr>- and Beth Gray 
(Abbott laboratories, Chicago, 111.), respectively, and the 
insects were reared in Individual cups on artificial diet (35) ul 
27'C under a 14-h/lO-h light/dark cycle. 

Construction of revertaitt viruses. vAnhHKS was con- 
structed by calcium phosphate corransfection (35) ef SF-21 
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cells with vAcAnh DNA and the lambda clone HKS (37), 
which contains wt AeAtfNPV sequences from approximately 
80 to 91 map units (including p35), and screening for viruses 
with an occlusion-positive plaque phenotype. VP35ZRS was 
constructed similarly except that vP35Z DNA and ptesmld 
pRS„ containing the EcoRl S fragment of wt AcAfNPV from 
86,8 to 87,9 map units (including p35) were used. The 
construction of both revertant viruses was verified by re- 
striction enzyme analysis and Southern blotting- 

Protcfn pulse labeling, SF-21 or TN-3o*8 cells (10* of each) 
were mock Infacred with TC-100 or infected with wt 
AcMNPV, vAcAnhp or vP35Z at a multiplicity of Infection 
(MOI) of 20 PFO per cell. After a 1-h adsorption period* the 
viral inoculum was removed and replaced with complete 
TC-100; the time of refeeding was taken as time tero. Two 
hours before the appropriate time point, the medium was 
removed and replaced with Incomplete TC-100 lacking me- 
thionine. Because of the propensity lor p35 mutant-infected 
SF-21 cells and apoptotic bodies to lift off the plate, all of the 
SF-21 samples were refed by scraping the cells, transferring 
the cells and the culture supernatant to centrifuge tubes, 
c^ntrifugrng the cells 5 miti at 1,000 x g, and gentry resus- 
pendrng the pellets in mcthionine-free TC-100. Following 
incubation for lh,2S\iCi of ( w Sjmethionine (New England 
Nuclear» Boston* Mass.) was added per plate or tube, an<j 
the cells were incubated for an additional hour. The mono- 
layers or cell pellets were then washed andlysed in 50 u.1 of 
Jyais buffer as described previously (35)- The lysates were 
stored at -80°C until they were analyzed. Five microliters of 
each Iysatc was analyzed by sodium dodecyl sulfite (SDS)- 
poryacrylamide get electrophoresis (23) on 10% polyactyl- 
amidu gels and subjected to fltiorugraphy as described pre* 
viotwly (35). 

Primer extension^. SF-21 or TN-36B cells (6 x 10* of each) 
were mocfc infected or infected with wt AcmNP V or vP35Z 
at an MOI of 20 PFU per coll as described above. At 6. 12, 
24, and 48 h p. J., the cells were harvested and total RNA was 
isolated by the guatudinium isothiocyanate method (11. The 
cells were harvested by scraping and then both the cells and 
the culture supernatant were centrifuged as described above 
to avoid losing any apoptotjc bodies. Twenty micrograms of 
RNA was hybridized to oligonucleotides complementary to 
the egt, capsf rt, or poryhedrin open reading frame (ORF) (see 
below) which had been 5' end labeled with T4 polynucleotide 
kinase (GIBCO BRL). The oligonucleotide primers were 
then extended by using Moloney murine leukemia vims 
reverse transcriptase (GIBCO BRL)! and the extended prod- 
ucts were analyzed by urea*polyacrylamide gel electro- 
. phoresis and autoradiography. 

The oligonucleotides used for primer extension were as 
follows: egA 5' -AQTOC AAGCCAOCAOAG-3 ' , comple- 
mentary to the sequence from 426 to +10 of the egr ORF 
(nucleotides 174 to 158 of reference 34); capsid, S'-CQCC 
ATACCCACOOG-3', complementary to the sequence from 
+27 to +13 of the vp39 ORF (nucleotides m to 477 of 
reference 39); and polyhedrin, 5 '-GGTACGCCCO ATGGT 
GGG-3', complementary to the sequence from +39 to +22 of 
thej?o/AORF(18). 

Virvs growth turves* SF-21 or TN-368 cells (2 v If/ of 
each) were infected with virus at an MOI of 20 PFU per cell 
as described above except that after removal of the virus 
Inoculum, the coll monolayers were washed two times with 
TC-100 and then refed with 5 ml of TC-100. Immediately und 
at 12, 24, and 48 h p.u, 0.5 ml of the culture medium wna 
removed and stonad at 4*C until determination of t lifers. 
Samples were lite red by plaque assay using oells- 
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Larval bioassayfl. Various doses of BV (as determined by 
plaque assay using TMOdS cells) we Injected Into the 
hamocoel of developmental^ staged larvae (25 per dose) 
within 24 h of molting into the penultimate larval mstar 
(flfth.instar 5. fiv&pcrda or fottTth-lnstar 7. w). Complete 
TC-100 was used to dilute the BV samples. Mock-infected 
insects were injected with the same volume of complete 
TC400, Injected Larvae were observed daily for mortality, as 
determined by overall appearance and lack of response to 
agitation, uncil either death or pupation occurred, Larvae 
which died prematurely due to injection mortality were not 
considered in the flnal results* 

Occluded vims yields. Larvae which were injected with the 
highest: dose of each virus and which died from viral infec- 
tion were collected at the time of death and stored at -2Q°C 
until the end of the experiment. Each group of arvac was 
pooled and homogenized in \% SDS (1 ml per larva), and 
occlusion bodies were counted in a hemacytometer follow- 
ing dilution in dfataicd water. Two independent counts were 
made for each sample. The number of occlusion bodies per 
Insect was taken as being equivalent to the number of 
occlusion bodies per milliliter. 

RESULTS 

Protein synthesis in cells Infected with p3S mutant viruses. 
The p35 mutant viruses which were used in these experi- 
ments were described previously P). Briefly, vAcAnh was 
isolated as a spontaneous mutant and was found to have a 
deletion affecting the p35 gene and the adjacent Hr$ region, 
while vP35Z was constructed by replacement of a portion of 
p3$ with the Escherichia coH tacZ gene. 

To characterize the effect of apoptosis on AeAfNPV 
infection at the cellular level, we examined protein synthesis 
profiles of these two differ** p35 mutants In SF-21 cells 
(which undergo apoptosis) and in TN-368 cells (which do not 
vndergo ™ptosis). The pattern of protein synthesis in 
SF-21 cells infected with either vAcAnh or vP35Z differed 
substantially from that of cells infected with wt Ac/WNFV 
(Fig. 1A). Although there was very httie evidence of virally 
Induced protein synthesis in cells infected with vACAnh or 
vP35Z, two new proteins of M- approximately 33,000 and 
57,000 (33K and 37K proteins) were induced, but tbeir 
synrhasls appeared to be delayed relative to that of wt- 
infected cells. Both of these proteins arc early proteins; their 
synthesis is observed In calls infected with wt AC/WNPV In 
th* presence of aphidicolin (38), which blocks Im ease 
expression by blocking DNA replication, and m cells, in- 
fected with r*6, a conditionally lethal mutant blocked in 
DNA synthesis as a result of a mutation in a helicase- 
homologons gene (12, 25J- In addition, the 33K polypeptide 
is clearly observed in SMI cells Infected with the mutant 
crB821, a temperarore-sensltlve mutant which is blocked in 
the early phase (29). There was no evidence of late (e.g., 
gp67 Wl) or very late (e.g., polyhedrin, 30K) protein syn- 
thesis in P 3S mutant-infected SF-21 calls (Fig. 1A). Host 
protein synthesis was not specifically shut off \np35 mutiraj- 
infceted SF-21 cells, as Is normally the case for AcMNPV 
infection. However, there was a general decline in protein 
synthesis between IB and 24 h p.L, and by 4fl h p.i.» no 
protein synthesis was detected (Fig, 1a). In wt-infected 
cellB» host protein synthesis began to decline approximately 
IS to 24 h p.i., and vims-specific protein synthesis increased 
until, by 4ft h p.u. poryhedrin synthesis predominated (Fig. 
1A). 

In contrast, the protein synthesis profiles of TN-368 cells 
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FIO. I. Klaetlcs of preteie synthesis in SF-21 (A) and TK-36S 
(B) cells fnffcCWsd with wt AcMWFV. vAcAnh. or VP35Z, CcUa war* 
oitW mock Infected tor latocied with the virtweo shown, «nd . 
protein* were puke-labeled with ^SlmcthionSnP fat I b at the tim**,, 
indicated (hours p.i). The positions of eiz« mnrfcera arc Known at toe ^ 
left in kflodaltons, aa*ihe positions of the 37K and 33K petyP*IK> 
tides discussed In the text are also Indicated by arrowheads at tt*4 

left. ,\ 



infected with vAcAnh, vP35Z, or wt were similar m both the. j 
timing of appearance and the intensify of virally induced* 
proteins as well as in the shutoff of host proteins (Fig. tB).fJ 
the only slight differences detected were a delay in ih&j 
shutoff of the 33K virally Induced early protein, disowned! 
above in p35 mutant-infected ivsattss compared with wt-V 
infected cells (compare the 24-h lanes) and low levels ofj 
poryhedrtn in vP35^nfected rysaies compared with wt- andj 
vAcAnh-infected rysates (compare the 24- through 48* 
lanes). Both vP35Z and a revcrtant virus containing a wtpJJiJ 
gene (vP35ZRS; see below) were also somewhat defective ia{{ 
production of occlusion bodies Jo TN-36& cells (5), prasunvff 
ably because of an unidentified second-site mutation affectf* 
ing polyhedrm synthesis. Comparison of mutant- and wt^ 
infected proteins failed to reveal cither a candidate 
polypeptide or a P35-p-galactosidase fusion protein in 
vP35Z-lnfectcd samples. Overall, these protein synth 
results are consistent with those reported by HeTshbcrger t* 

al. (16). i 
Analysis of steadyslate levels of selected viral transcripts. 
In an effort to further characterize viral gene expression - 
5F-21 and TN-368 cells infected with p3 5 mutant viruses , • 
examined the levels of ttanscripts from three viral genes to;] 
the three main transcriptional classes of AcMNPV genos^l 
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FIG, 2, Steady-state levels of selected viral Transcripts during Infection of SF-21 (A to C) and TN-368 (D to F) celJfl with wt AcA/NPV or 
vF35Z. Total RNA was harvested from cells at various rfmes p.i, AM analyzed by primer extension, using oligonucleotide* complementary 
to the early e& (A and O), the fete vp$9 (B ind E), or tne Very late polh <C and F) gene, trfinw; 1 to 4, G. A. T, snd C terncs of 
dldeaatynudcodde sequencing reaction using the game labeled oligonucleotide primers; 5* RNA from raock-infccAed cells; 6 to 9, RNA from 
12% and 4&*b-p.l. cells infected with wr, 10 to 13, RNA from 12-, 24- ? and 4&h-|M. cells infected with vP3$2; 14 to 16, 1:5% 1:25% 
and l;U5-fotd dilution* of the RNA In lane 6 fcgf) or lane 8 (vp39 M\4jwlk) (lanes 14 and 15 are reversed in panel C). Arrowheads at the left 
indicate the expected positions of the c*rtns(on product /or each oligonucleotide primer. 



carry, late, and very late. For thia # we chose the AeA/NPV 
genes eg* (the gene encoding ecdysteroid UDP-glucosyl- 
traoaferase [34]), vp3P fthe gene encoding the major capsid 
protein [39]), And polh (the gene encoding poryhedrlu [18]), 
respectively. The level of transcript* from each of these 
three gene* was examined by primer extension in both wt- 
and vP35Z-infccted SF^l (Fig. 2A to C) and (Fig, 
2D to- F) cells. The resuJis obtained with wt AcA/B^V 
corresponded well with those previously published for those 
genes 111 both the temporal accumulation of the transcripts 
and locution of the 5' termini (32, 34, 39). 

Transcripts from the carry gene egt were delayed in their 
appearance and disappearance in vP35Z-iafccted cells 
compared to wc-lnfected cells (Fig. 2A). Whereas tho tran- 
scripts were detected at 6 and 12 h p.i. in wt-infeeted cells, 
they were not detected until 12 h p.i. In vP35£-infectcd cells 
and were also present at 24 h p.i. This delay in accumulation 
of the egt transaipt is consistent with the delay seen in the 
appearance of early proteins in SF-21 cells (Fig. 1A). Similar 
results were obtained (5) with use, of an oligonucleotide 
primer specific for a different carry viral gene, penfi (prolif- 
erating cell nuclear antigen) (7). 

The accumulation of transcript* fcom the late \>p3P gene 



was also delayed io vP35Z~jnicctcd SF-21 calls (Fig.' 23), 
vp39 transcripts were first detected In vF35Z-mfected cells at 
24 h p.i. and reached maximum levels at 48 h p.i., whereas in 
wt-infected colls, vp39 transcripts wera first detected at 12 h 
p.i. and reached maximum levels at 24 h p.i. (Fig. 2B). In 
addition, tho maximum accumulation of vp39 transcripts 
appeared to be approximately fivefold lower In vP35Z- 
infected SF-21 cells than in wt»infected cells. 

Levels of transcripts from tho very late polk gene were 
extremely low in vP35Z-infected SF-21 cells (Fig. 2C) and 
were barely detectable even upon overexposure of the 
atitoradiograph (data not shown), whereas polh transcripts 
were first detected at 24 h p.i. In wt-infected cells and 
reached a maximum at 46 h p.i. (Fig. 2Q. 

In TN-36S cells (Fig. 2D to F), the levels of accumulation 
of egr, vp39* and polh transcripts were similar during infec- 
tion with vP35Z or wt. Transcripts of egt were first detected 
at 6 h p.i*, with maximum levels at 12 h p.i- in both vP35Z- 
and wt-infected TN-368 cells (Fig. 2D; n bnnd corresponding 
to tho egt transcript was clearer visible in lane 10 on the 
original autoradiography while vp3$ transcripts were de- 
tected at 12, 24 and 48 h pJ., with maximum levels at 24 h 
p.i, (Fig. 2E), mtipvlh transcripts were detected at 24 and 48 
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h p.i,, with maximum levels at 48 h pJ, (Fig. 2F), The 
maximum levels of /wft transcript were approximately five- 
fold lower in vF352^inteeted TN-368 cells lhwti in wt-infcctea 
cells, corresponding with lower levels* of poJyhedrin protein 
observed in Fig. IB. 

Yields of BV from pJ5 mutant-infected ce«s. Premature 
death of thu host cell by apoptoste would be expected to 
interfere with the replication of the virus. Having observed 
altered viral rranseriptkM and protein synthesis fa SF-21 
cells, we next determined the effect of apoptosis on the yield 
of progeny BV. The levels of progeny BV resulting from a 
ainale burst of replication (each eel! being infected at the 
outset of the experiment) in SF-21 and TN.368 cells was 
determined for wt AdtfNPV, vAcAnh and Its revftrram,-^ 
vAnhHK5, and v?35Z and its revertam, vM5ZRS> by 
plaque assay using TN*368 cells (Fig. 3). The revercant 
viruses vAnhHK5 and vPSSZRS were constructed by re- 
placement of the mutant cbpy of p3S In vAcAnh and vP35Z 
with a wt copy of p33 (see Materials and Methods). 

The reloaiso of BV was similar in SF-21 ceils infected with 
each of the five viruses through 12 h p.i* (Fig* 3A), which 
was approximately the time when apoptosls was beginning 
to become evident morphologically. A 50- to 100-fold differ- 
ence in progeny BV yield was seen between the j*?5 mutants 
and their revertaflts (Fig. 3A) at 24 h p.i. At 48 h pX, the 
differences were less dramatic (20- to 40-fold) despite the 
fact that protein synthesis was observed to decline after 24 h 
p r i r in SF-21 cells infected with the/>J5 mutants (Fig* JA) 
and the majority of Che cells were apoptotic by this time (3). 
It may be that lysis of the apoptotic bodies between 24 and 
48 h pJ. resulted in the release of additional intracellular 
virus which hud been assembled prior to 24 h p.i. The 
rcvertants and wt produced comparable levels of progeny 
BV In the two cell HnuS (Hg- 3). 

The levels of progeny BV obtained from infection of 
TN-368 cells with the five viruses were essentially Identical 
at all time points examined (Fig. 3B). This result, in addition 
to the protein synthesis end RNA accumulation data pre- 
sented above, indicates that p35 is not required for normal 
replication In W-368 cells. 

These results ore consistent with those reported by Herah- 
berger ct aU who examined BV yields at 48 h p.i. (16), 
Although they observed a much greater difference in levels 
of progeny BV obtained from SF-21 cells infected with a/tfJ 
mutant and wt AcMNFV (16), this larger difference was 
almost certainly due to the lower MOI that they used, which 
would allow for multiple rounds of replication and amplifi- 
cation of any oxtering dlflcrcnccs between the mutants and 
wt. 

Inactivity of p$S mutants in insect tarrne. Although the 
lack of the ptt gene results in apoptosis and thereby a 
reduction in AcAfNPV replication in SF-21 cells, if was 
important to determine whether this effect also occurred in 
the whole organism or whether it was simply a cell line- 
specific effect. Since apoptosis reduces the yield of progeny 
BV from SF-21 cells, one prediction of the effect of an 
apoptotic response on virus infection In vivo would be an 
increase in the amount of virus required to initiate infection. 
We thus determined the approximate dosages of BV re- 
quired for 50% lethality (LD*£) of wt AdMNPV, the two ptt 
mutants vAcAnh and vP35Z, and their revenants vAnhHKS 
and vP35ZRS, to 5. frvgiperfa ana T. ni larvae. As seen in 
Fig. 4A, the LD< 0 w> fifth-instar 5. fru&perd* larvae was 
approximately 1,000-fold higher tor the p35 mutants than for 
wt AcA/NtfV or their revertapts. Wild-type AcMNPV and 
both of the revertants had UX»s between 10 and 100 PFU 
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HO. 3. YkJd of progeny BV from SF-21 (A) and TN-368 (B* 
cells infected with wt AcMNFV, thc^tW mntant vAeAnh or vPSSfy . 
pr the Tevertant virus vAnhHKS or vfSSfcRS, Cell monolayers werff * 
infected at an MOI ol 20 PFU per cell, and samples of the culture"^ 
supernatant were harvested at 0 y 12, 24, or 4S o p.i, and litcrod bjg 
plaque assay using cells. The results shown represent th&t 

overage* or two Independent experiments. 1j 



i 

per larva, which were similar to previously reported result^; 
(9). Since the LD^S of the reverranrs were similar to that oJfc 
wt AcAfNPV, any differences sofcn between the two mutants^ 
and wt were due to the presence of \hap35 fl ene. 

In fouith-instar T, rU f tb« LP,oS of all five of trie viruses* 
were between 1 and 10 PFU pot larva (Fig. 4B). The loweg 
LD OT ol the budded form of AcArfNFV in T. ni compared wiUJfc 
$. frugiperda has been reported previously (9). There werj 
no significant differences among the LD J0 s of wt. the p3Sfl 
mutants, ot the revertont viruses in 7*. ni larvae. Thus, the? 
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FIG. 4. Mortality due to virus infection in S. fnt£&rda (A) «d 
T. ni (B) larvae injected with various doses of wt AcMNFV, vF35Z, 
vAcAnh, vAnhHK5, or vPJ52»S. Twemy-flvB lame were injected 
per dose; percent mortality was catailntcd 10 tb« number of dead 
larvae (minus larvae which died a* a result nf the injection pro^b 
dure) divided by the number of larvae which survived the injetmqn 
procedure (at least 20, except tor the highoat doses of wt and 
vAcAnh In T. Hi, which were 10 and 18, respectively). No mOftaUry 
was observed I* mock-Infected larva*. 



differential response of SF-21 and TN-368 cells 10 infection 
with The p3S mutants was also observed at the organismal 
level. 

Another prediction arising from an apoptotic response m 
larvae wpuld bo $1 targe reduction in the yield of the occluded 
term of the virus (OV), since p35 mutant-infected SF-21 cells 
do not produce any occlusion bodies (3). Wc therefore 
determine^ the yield of QV from the larvae which died from 
viral Infection at the highest doses injected. S- frutfpanla 
larvae Infected with vAcArth produced approximately 900- 
fold less OV than did larvae infected with the revemm virus 



TABLE I. OV yields from S. fw&P"d* and T. wMjrv.^ 
infected with wt AeAfNPV, vAoAnh. orvAnhHKS 



KdSI 



Virus 



OV/l*rvA* ± SB* 



T.ni 



wt 

vAcAnli 

vAnhHKS 

wt 

vAcAnh 
vAnhHKS 



6.5 x 10* 21 6 X 10 7 
1,4 x 10* ! 1 x LO 5 
1.2 X 10* ± 2 x 103 
1.8 x 10* * 2 x 10' 
z.n x 10 7 * 9 * 10 s 
1.0 x 10" x 3 x 10° 



* The fcrvat used wrtc those whicfc w*t* injected with the hiatal doses of 
BY (it Fig- * antf wfjiefc 6\td from vfeu* Infection. 

* L^rvTKi wore pooled and honwnj»nb:ed In a iotoJ vowma 
equlv&Jenl tn the number 0( larvae per sample {io mUUIittira). 

* Based on two »ndepewJ»nt eouna of the swnc fTimple. 



of buffer 



vAnhHKS, whereas apprortmatery 4-fold less OV was pro- 
duced in 71 ni larva* Infected with vAcArih than in larvae 
infected with vAolvHKS (Table 1). . 

A significant difference was also seen in the melting ana 
liquefaction of the cadaver* between the larvae injected with 
the two p3S mutants versus wt ot the two icvettants. Late in 
wc AcJWNP V infection, the inTecied cadaver normally breaks 
down as the muscle* and other tissues liquefy, and the 
contents of the dead larva (mainly OV) arc released into the 
ertvirontrent. Both 5. firugiperda and T- ni larvae infected 
with vF35Z or vAcAnh did not melt; although the Insects 
became flaccid, the cuticle did not rupture. Many of the dead 
larvae Infected with the p3S mutants also did not melanize. 
Melting was normal m larvae Infected with wt or the revet- 
tant viruses. 

DISCUSSION 

Although the requirement for the AcMNPV p3S gene 
product in blocking programmed cell death in the SF-?1 cell 
line has been demonstrated previously (3 ? 16), it was not 
known whether p3S was required only in cell c^ture. or 
whether it also plays a similar role in the natural host- Our 
result* show that mutation of p35 results in greatly reduced 
levels of AcMNPV replication and infcetrvity in both Sr-21 
Cells and S. frugipcrda larvae but not in TN-368 cells orT. m 

r. ni and S. ftugipcrtfti larvae appear to have little or no 
effective defense against infection by wt AcAfNJPV .via 
Injection of BV Into the hemocoel. Vciy few Infectious virus 
panideB (PFU determined by plaque assay in tissue culture) 
were required to establish a lethal infection in larvae of these 
' two species, with the LDgo for wt AcMNPV being berween 
BpprojdmatcJy 1 and 10 PFU per larva In T. ni and berween 
10 and 100 PFU per larva in 5- JhigtpeYda, Hie higher LDsn 
in S. frugtyerda probably due not to an organlsmal 
defense system but to the Intrinsically lower infextrvity of 
AoAfNPV In 5. frugiperda cells; titers of wi AcJWNP" 
determined in $- frugiperda cell lines art consistently 5- to 
10-fold lower than titers determined In 7. ni cell lines (5, 9. 
26). Thus, any host defense to virus invasion which inay 
ertist in these insects appears to be inadequate in preventing 
lethal infection by wt AcMNPV. 

Inactivatlon of the AcMNPV p3S gene resulced in an 
increaso in X,D 50 of 3 orders of magnitude in S. frugiperda 
larvae. Since infection withptf mutants results in opoptPSiS 
in $P»21 cells, the most straightforward interpretation of this 
result is that an apoptotic response by cells in the 5. 
frugiperda larvae decreased the ability of the p35 mutant 
viruses tn establish a lethal Infection. The observation that 
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Hie LDftS of tiieptt mutants were equivalent to that o f wt in 
7. ni larvae Served as ft control, since the/FJJ mutants did not 
cause apoptosls In TN-368 cells. At the current time, how- 
ever, we do not have supporting: data to demonstrate that 
dpoptosis is occurring In vivo. Apoptotic cells were not 
consistently observed in the hemoiytnph of p3S mutant- 
infected insects (5) T although this may have been due to a 
combination of the asynchronous nature of in vivo Infections 
and rapid phagocytosis of apoptotic cells by hemocyres. 

Regardless of the mechanism by which p3S functions to 
Increase infectfviry jn £ jrugtperda, Its presence would ba 
expected to provide a clear evolutionary advantage for 
AcAJNPV replication in this species. p33 therefore effbo 
trvely constitutes a host range determinant in AcAfNPV, and 



of Infecitvffy, OV yield, or survfval time. However, these ' 
results are difficult to interpret given the mfx&d in vft ro ;i 
phenotype of their mutant virus (2l)« Furthermore, only very : 
high dosngep of B V (5 x 10 s PFU per larva) were used (2;),, 
go th»t any difference in LD So between theirjtfJ mutant and : 
wt BmNPV may not have been detectable. 

Analysis of gene expression ia SF-21 cells infected with- 
p3S mutants revealed a delay in early gene expression, a 
failure of the mutant to shut off host protein synthesis'in a' 
timely fashion, a defect in the ability of the mutants to 
Initiate late protein synthesis, and An eventual decline in 
total protein synthesis in apoptotic celis. The pattern of 
protein synthesis in these ceils Indicated that the ori|y viral 
proteins syntheafced were primarily those of the early class! 



acquiring p3S has probably allowed me virus to expand its/,* and chat their appearance wag delayed compared with wt 
practical host range to other specie*, including £ fru-^ infection. Similar protem synthesis patterns were obtained' 
giperda. . — . „ 



Although The LDi<> for the p35 mutants was ^proximately 
1,000-fold higher than that of wt in S. flugiperda Urv3e, the 
decrease in BV yield from SF-21 cells infeoted with p3$ 
mutants was only 50* to 100-fold compared with ma wi level: 
TTifc difference might be explained by several factors* includ- 
ing the following (1) the high MOI used to infect SF-21 cclla 
may have apceleratcd the course of Infection and increased 
the amount of BV produced before apoptosls was fully 
implemented, and (ii) during in vivo infection, phagocytic 
cells may recognize apoptotic cells and engulf them before 
targe amounts of BV are released, resulting In InncUvation of 
Intracellular virus (6)* 

The differential response to p35 mutant infection in S. 
fritgiperda and I. ni appears to be largely specie's specific; 
Specie-specific effects were observed in both in vivo infee* 
trvfey and OV production. However, the lack of melting in 
both & fruglperda nnd T. ni larvae infected with/ntf mutants 
indicates that infection of both species is affecied to some 
degree by inactivatjon QfpSS. Tne physiological .basis for 
larval melting is unknown, and the connection between 
melting and apoptosls, if one exists, is far from clear at this 
time. Since a normal melting phenotype was restored In the 
p35 revertanrs vAnhHKS and vF352RS, it is unlikely that a 
second-site mutation whs responsible for the lack of melting. 
It is possible that melting requires the infection of a specific 
tissue of the larva or that it requires the production oi a 
melting factor. If P35 is required for either Of these possibil- 
ities, then melting would not occur in p35 mutant-infected 
larvae of either species. 

It is possible that the species-specific effects of p3S muta- 
tion lfa In a difference in rhe proportions of types of cells or 
tissues that are sensitive to apoptosls in the two species. 
This explanation is supported by the observation that a low 
level of OV was produced in & fhigiperria larvae infected 
with vAcAnh, indicating that some tissues of this species 
allowed completion of the viral replication cyde and conse- 
quent production of OV. In addition, three- to fourfold lees 
OV was produced in T. ni larvae Infected with VACAnh than 
In larva* infected with vAnhHKS, suggesting that there may 
bo a small proportion of tissues which undergo apoptosts In 
this species as wdl« Although wo have not extensively 
Studied the effect Of krvu-to-laiva variability on OV yield, 
initial experiments on Individual J. fivgtptrda larvae in- 
fected with p35 mutant viruses indicated that a low level of 
OV was produced In each larva (5). 

Our rcsutts contrast whh those of Kamlia ei n|. (21), who 
studied the in vivo effect of mutating tha BmNPV p35 gene 
by Injecting B. moH larvae with BV. No differences ware 
observed between wt fimNpv and the p35 mutant in terms 



by Hershbcrger et ai (16), and a delay in Ihe synthesis of 
several early vim) proteins is Also apparent in their data/ 
Analysis of the transcription of selected viral genes revealed]] 
a delay in both the early {egt) and late {yp39) transcriptional 
phases and u significant reduction In the levels of late and', 
very late {pclh) gene transcription. The virtual lack of laiei' 
protein synthesis despite the presence of some level of lata": 
KNAs may be related to the observation that total protein! 
synthesis is shut off by 36 h p.i. v a time at which most celltf? 
are apoptotic. If apoptosis is accompanied by a shutoff u$ 
proton synthesis, then cells which Initiate late gene trami/ 
scrtptiofl might syntbe^fe* some late viral RNAs but little crt 
no synthesis of late proteins would be observed. Similar^ 
results have been reported with a herpes simplex virus ryj 
1 mutant which induces programmed cell death in neuroblai 
toma cells (2). It remains to be determined whether th. 
shutoff of protein synthesis is a general phenomenon 
apoptotic cells or a characteristic only of vf rally infectei 
apoptotic cells, 

The data show that P35 accelerates AeAfNPV infection ii 
SF-21 cells, and we currently favor the hypothesis that FX 
accelerates and/or intensifies, directly Or indirectly, ti 
expression of other viral genes, including ar least one whi 
is directly responsible for blocking apoptosis. The delay 
reduction in the level of early gene expression could provi 
enough time for SF-21 cells to mount an irreversible a£o 
totic defense to p3J mutant Infection- In contrast, p. 
expression in wt-infeeted cells would allow timely a] 
sufficient expression of early and late genes so that th 
apoptotic program, even if transiently initiated, can i 
blocked. Hershbcrger et aL (16) have suggested that f»35 m 
be involved in the general infectiviry of AcAfNI*V In SF 
cells; this would also be consistent with a role for P3S 
accelerating the infection process, particularly if timely atij 
effective expression of etrrly viral genes is critical to the vi] 1 
invasion strategy. We suspect that the observed delay 
early viral gene expression is a particularly critical feature 
the p33 mutant phenotype because cells infeoted with 
mutant of AcMNPV carrying a null mutation in the 
pcna^-homologous gene show a delay specifically in 
replication end the initiation of late gene expression, btf 
these cells do not undergo apoptosis (7 7 33), 1 
Further, wc prefer the view that P35 or the factor which 
regulates acts directly in blocking apoptosi* in SF-21 eel 
because apoptoeiq appears to bs initiated ax the same lime [ 
both wt- and p35 mutant-infected SF-21 cells; cell surfed 
blebblng, a morphological change evident during the earl- 
stages of Apoptosls, is observed at the same time (appro* 
matcly 12 U p.K) in both eases (3). In wt-infected cells, t^ 
blcbbing Is transient and subsides during the later stages 
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- r whereas blabbing intensifies aspSS mutant infec- 
l,lfeC K^optosis is indeed initiated in both wt- and 

cc »^ then p3s ° r ihc antiapop - 

fjjiiy To act by directly blocking the apoptoric program at 

^X^th^rthat timely expression of tit least one carry 
v^il nene product can block apoptosb in A frugiperfa eelis 
^ roncry suppdrtcd by our previous observation that wt 
Ad5&PV, but not vAcAnh, can prevent apoptosis tiered 
£ ^ctmomycm O treatment if the ntitemdn D is added « 
c Ve i or later, but wt infection cannot block apoptosis if the 
Ldnomvem D is added prior to 5 hours p.i. (6). These 
*Sm» ^ not dHnfri* whether M acts directly or 
actr^tes the expression of other vSr^J gene products to block 
actlnorayciii D-mduced apoptosis. 

TlUfect that the CpOV Up gene, a ape ^r-ikt gene 
which* distinct from/rfS, can functionally substitute lor p35 
rKns^ mutam-mdueed or actfromycm ^Induced 
aooptoafe in SF-?1 cells (8) provides additional perspe^vc 
&£e question of Ptf fonction. Since the CpOV w get* has 
a homolofc (Ac^) in rhe AdWPY' & onoroo™d I Ac*2;> is 
unable to functionally substitute fur the AcMNPV p33 gene 
?n blocking apoptosis (A), it is possible that P35 rebates 
Ac IAP activfry in some way. either by direct interaction 
with Ac-IAP at the protein level or by srimularion of Ac-fc>p 
expression. In either case, a central (but n<H 
direct) role for top genes in blocking apoptosis in SF-41 cells 
ia indicated. Since the predicted products of these genes 
have zinc finger-like motlfc* they are iikery to act at the level 
of gene regulation, but whether they act directiy to regulate 
the cellular gene* involved In Implementing the apoptosis 
program or whether th«y act to regulate other vim! genea 
remains to be determined. 

The observation tiw^ai protein synthesis and transcrip- 
tion were normai In p35 rauunNrtfccttd cells leads 
to the question of what specific role P35 plays In SFjZl cells 
or, alternately, why P35 is not required in TN-368 cells. 
There are at least four possibilities why PBS function may 
he unnecessary for normal replication In T. ni cells, (i) 
AcMNPV may not trigger apoptosis in this w that 
P35 or P35-reguJated factors which are required to block the 
programmed res]ionse are not necessary, Support for this 
view comes from the observation that the cell surface 
blobbing indicative of early apoptosis is not observed even 
transiently in TN-368 infections (3). However, apoptosis is a 
common response to infection by large ONA-contalning 
viruses (4) and appears to be an important orgamsmal 
defense to viral Invasion, so it would be Unclear why Zj£ 
cells luck this response, (ii) There may be a second (reduW 
dant) pathway oy which AcAfNPV is able to block apoptosis 
in T. ni cells but which Is Ineffective In 5, fru&perda edls. If 
this pathway worked so as to block even the initiation of 
apoptosis, then neither initial cell surface blebbine nor 
eventual apoptosis would be observed in 7- ni cells. How- 
ever, this would not explain why the presence of Intact pS S 
ocselcrau* Infection In SF-21 calls but not TN-368 cells. (iU) 
The regulation of early gene transcription in 7". ni and 5. 
fivgiperda cells may differ so slguifioajitly that F35 may be 
required for timely and Intense early geno transcription only 
in S r jhi$ipcrda cells. Support for this view comes, from the 
observation that the regulation of transcription of at least 
one early AcAfNPV gene differs substantially in TN-368 and 
cells; the primary 1.7-Kb transcript of the DA26 ORF 
of AeAfNPV is synthesized earlier iri TN-368 cells than in 
SF.21 cells (36). (iv) The ^5-rcgulated viral gene product(s) 
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which blocks apoptosis may Internet more effectively in 
TK-368 cells than in SF-21 cells and is therefore required in 
less abundance to be equally effective in blocking apoptosis. 
These tour possibilities may not be mutuajry exclusive, and 
one or some combination of theni may be involved. 

We conclude that cetiuUr apoptosis can have a drastic 
effect on the outcome of AcMNFV infection in the insect 
host. Our results indicate that apoptosis can plsy a major 
role In Insect immunity to virus infection and that the ability 
to block apoptosis isa detenrilning factor in baculoviriis host 
range. Our data also show that P3S accelerates this infection 
of SF-21 cells and suggest a role for P35 in accelerating or 
intensifying the synthesis of early viral gene products. One 
or more of these viral gene products m ajf be dtrcctty respon- 
sible for blocking the cellular apoptosis program - 
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The eeae encodhm tba 35-fcDa protein (35K geac) located wfrntn the £wRI'S genome foment of 
Aut.^ad^miSt nuclear piHyhtdrnds virus (AcAfNPV) i, 

function^) with wspect to vims multiplication, we mtroducctl specific motions of this early C*J« J«io the 
aSSnPV tf«omTfe S/wrf^«ni ^»>^ (S«1J culture, deletion of the 3*K gene reduced yields of 
^^U^ f budded *£stkm 2flV iS 15 f 00<MbId, depending on input nmllipUd^ Mutant replication was 
characterized by dramatically diminished levels of lata and very l*<e (ocdiwton^pwiac) virus gne l egprenion 
and p^^M^d centra*, 3SK gene toacuvatinn had no effect on vinw growtofn cultured 
Trichavfuf'ia m (TN368) cells. Insertion oft be 35K gene and its promoter at an alternate rite (pobjednn focuis) 
£2 Yin,, replkatU to *ld-type levels in SFU culture, Subse^ent irut^ton or 4 bp after codon 81 
generated a rrnmeabift mutant that eriiibited a vims phototype mdis^sbablc from haj Of ^ 
mutant* and demonstrated that the SSKgene product (p35) was squired tor ^Id-type repUc^ooln SF21 cells. 
Mutagenesl* also indicated that tbt C terminus ofp35, iacludtuc tba last tf iwloW, was r^ulrrt for InnrWom 
In complementation assays, wild-type virus bearing a functional 35K gene allele stimulated all aspects or 3SK 
. null mutant replication and suppressed early cell lysis, these findings indicated tbat f3S to a fnwj-aommant 
factor that f&ciHtatea AdtfNPV growth In a cell fine-specific manner. 



jji. 

Early genes encoded by Autographa cahfomica nuclear 
potyhedrosls virus (AcVtfNFV), the prototype of the sub- 
group A baculcfviruses, arc of Interest because they influccco 
important regulatory processes of the virus and the host 
Ssect during Infection. Early AcAfNPV genes include those 
involved in transactrvation of virus gent expression (TEO. 
ifel t and IE-N), virus DNA replication (DMA polymerase, 
pena [ptollferartng cell nuclear antigen], and DNA neilcase), 
and suppression of insect metamorphosis (eg* [eedystcrtrid 
UDPglucosyttransfcrasc]) (2, 4, 12, 17, 22, 27, 34). The 
expression of carry genes trom the 128-kb AcMNPV genome 
requires, host RNA polymerase Q and initiatas print to virus 
DNA synthesis In contrast, expression ©£ late and very late 
genes depends on a distinct RNA polymerase and DNA 
replication (for reviews, see references I, 6, and 28). Lata 
vims genes Include those involved in the production of virus 
piegcuy that are composed of two infectious forms: envel 



transposon dramatically altered transcriptioo within the re- 
gion (8, 9, To lnidatc studios of the possible funetJon(s) 
of the affected genes, including the 35K gen*, we have 
constructed deletion (null) imitate of AcAfNTV and exam- 
ined the effect of such mutations on virus repUoation pro- 
cesses. The 33K gene encodes a 35-kDa porypeptidw (p35), . 
as demonstrated by in vitro translation of hybrid-selected 
mRNA from AcAdTNPV-infected cells (7). Characteristic of 
CBXjy AcAfNPV genes, the predominant mRNA (aj for p35 
is detected within the first hour after infection, accumulates 
through 6 to 8 b, and declines thereafter (25). Host RNA , 
polymerase Jl-medlated transcription is controlled by' an 
early virus promoter (composed of a TATA sequence and 
RNA start site) thai is Influenced by regulatory motifs 
located hnmadiatery upscream (S, 16, 25). A weaker late- 
promoter element is located near the early RNA start she 



pjiogeny that are compose* or two miecrious iimn^v Bl - r to ^ 35K gene expression into 

oped virions that bud from the plasma membrane (budded^. {«> ™» ™* v ^ ™ frT'io™ 

viVic nwn »nd neehided vims oarrides that accumulate ^ the Uter stages of infection. A ^wv™w ,, UWysn 

Recant idennficauon of a spontaneous AcAfNPV deletion 



virus [BV]) and occluded virus particles that accumulate 
later in the nucleus of the host cell prior to lysis that occurs 
from 60 to 90 h after infection. Since proper expression of 
early virus genes is reouired for subsequent late gene expres- 
sion* they play a e^t/caj role in virus replication and may 
function as determinants OX AcWNPV host range. 

We have investigated the role of the early 35-lcDa protein 
Bene (35K gene) encoded by the 5coRI-S genome fragment 
of AcAfNPV (86.8 W 87.9 map units [m.u.)) in fcciUtatimj 
virus replication in a cell line-specific manner. Our interest in 
the function and regulation of the 3SK gene prifijnated \rith 
ihe findmc that the nearby insertion of a host-derived rctro- 



* CnTTwpondlrtg »ttlhor- 
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mutant and subsequent characterization of a eito-speclfic 
deletion mutant by Clera et al. (3) Indicated that loss of 
sequences within the 3SK open reading frame (ORF) causes 
premature lysis and death of infected host cells. This virus- 
induced phenomenon was cell line specific, since cultured 
Spodoptcm frugperda (SF21) cells were susceptible to rysis 
whereas Trichoplusia nl (TN368) cells were not. The early 
lysis of SFil cells was characterized as that resulting: from 
programmed cell death (apoptosis) on the basis of stereo- 
typic changes in cell morphology and degradation of nuclear 
DNA into oligonuejeosome-sized fragments. This indicated 
that a function of the 3SK gene is to directly or indirectly 
suppress virus-induced apoptosis (3), a process that may be 
an antiviral defense mechanism by tb« host (23, 32, 37). The 
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role of the 35K gene product (p35) has yet to be 

"'inTh^oort we describe site-direeted mutagenesis of 
A^MWV w P dem^tt a « thai P 35 Is required fOT^ld-^c 
£veHf virus replication, but only m apoptos.s-senslt™ 
ShT »K^H mutants exhibited a dramatic growth dtfad- 
^« ^cSLSd with wild-type Virus. Moreover these. 

whibited highly restricted levels of late and very 
Um^^ E^rcxpress^o. These defects were consistent 

Of host nucleases during apoptosis. 35K nun mutants were 
"£2£ complemented b£ a functional aSKallek strppbed 
by eolnfecrion with wild-type virus. «^"Sj* 
SLt nature of thi» gene. P 35 is thus ^J***?*^ ■£! 
product identified that provides ■ selective growth advantage 
In a cell line-specific manner. 

MATERIALS AND METHODS 
Viruses and The L-l stiam of AcAfWV (20) I and ■ 

indicated vims mutants were V^&^^M^M, 
fiuBverda EPL-SF21 (35) and T- nl TN368 (14) cell tats with 
So growth medium (OIBCO Urxiratorj^upplemcn^) 
with ™ ? ma of tryptose broth per ml nod 10% hMi-inacti- 

zero, cell monolayers w=r* inoculated with extracellu^r BV 
After a X-h adsorption, the residual Inocurom was replaced 
with growth medium. The infected cells were then mcub»ted 

3 Plasmid DNAS and transphMement *«t<^^^ ce ; 
ment plasmid was constructed for each '^^/^T 
nant generated. Fot deletion mutant V&3SK, to W-W 
BgntWAsd fragment of Ihe AcAfNPV genome (84.4 to 88.1 
* A ) was first cloned into^pW^K 
pBBTBSst. Plasmid pa35K, in which the 3SK ORF was 
Scfcled, was generated by tfrul and Sp*l a*MT of 
oTOffi&t. end repair with the Klenow fragment of DNA 
pedymmt 1. addition of an 8-bp BglU Un*", »«d rnrramo- 
ffi ^gatior Transplaeemcnt plasmid* for recombinant 
vtaseTh? which the &K Bene (or mutations thereof) was 
inserted at the polyhedrin locus (3.96 m u.) were «b»f»d 
from vectors containing the Escherichia coHlacZ gene. In 
brief, a 3.3-kb fragment containing the lacZ gene under 
control of the polyhedrin promoter was Inserted into the 
w"que A»oI andV,I sites of pEVocc + ft>A (5), 6™*™*** 
plasmid pEV-lacZ. The tocZ fragment waa previously ex- 
cised from plasmid pPOLY-lacZ in which the 
dMC-1871 (33) was Inserted downstream from the poryhe- 
drin promoter donod into the pBluescript (KS) vector (Stm- 
artne). Next, the 3SK gene under control of its own pro- 
warn Inserted into pEV-lacZ. This was aeeompUshcd 
by first coustructlmj ptasmid p35K-ORP through fgffi* 
a 1.28-kb JWuI-JSwRI fragment (end repaired at the Mtul 
lite), containing the entire 35K ORF and promoter se- 
quences, MMncn and £crf« Sites, respectiveh/, o PjMue- 
sbript. The 35K gene fragment was then excised by dlgesftoii 
. with JOioI and.Yftfll and inserted into the corresponding sues 
Of pEV-lacZ to generate plasmid pEy-|acZ/35K - pfcv- 
i bC £/35ITB'sw was constructed by Bell digestion of p35K<- 
ORF end repair with the Klenow fragment, blunt-end hga- 
fed/and Insertion of the altered 3!& gene f^nt mU) 
pEV-lacZ, as described above. pEV-lacZ/JSK 49 ** was gen- 
erated by Spel digestion orpEV-lacZaSK*. Msa% end 
■ repair with the Klenow fragment and blunt-end ligation. 

Recombinant viruses. Standard gene retirement methods 
(28 36) were used to construct AcMNFV recombinants. To 



generate viruses wt/laeZ andvA3SK, 2 x 10" SF21 cells were 
fSoted with transplacement p lasm.ds P*W«^ 
JllvcfC resoectrverv, along with wild-type AcMNPV DNA 
o^ng t^oS (Bethesda Research ^oratories) as 
doscribea previously (5). Rccombmants ^KMJt, 
vfl3HMac2V35K + , and related viruses lacking the 35K gene 
rnlSrX^'lon (87 to 88 m.u.l were generated in the 
saml way, except that viral ONA was replaced by ao 
eScn^ volume of extracellular vn35K vims contaiurag 
ZSatery S X 10 s PFU. The later viruses were .dent., 
fied and plaone purified with TN368 monolayers on the basis 
"f tbeir occmsiorMiegntlve phenotype and PfOducUon of 
^galactrorfdase that visualized by mcrad-tng 150 uri 
X-Gnl (S-bromo^-chloro-3-mdolyl-p-o.galactOpyrnnoalde) 
p\r ml ta the agarose overlay. Deletion mutant vASSK was 
identified on the basis of Its occlusion-negative ptequc phe- 
nowp" by nsing SF21 cells. Proper insertion or defetion of 
, Z„cm was ascertained by restriction napping and 
^Southern blot analysis of isolated DNA from each recomW- 
nam vims (data not shown) Airviws Utcrswere o^alnedby 
Standard plaque assayfl with TN368 calls. In the Case of 
tocZ-contkinine viruses, blue plaques were counted 4 days 
aftar infection in the presence of X-Oal. 

Analysis of virus protein synthesis. At the Indicated Urnes 
^iofitloD, the medium above SF21 or TN368 cell 
monolayers (LQ 6 cells per plate) was removed and replaced 
wiTphnsphate^mffered saline (pH 6.2) (20) containing ttt 
nCi of Trans^S-Labnl (1.700 Qtamol, methionine &70fc 
^steine slS%; ICS Biomedicals, Inc.) per ml. After a W> 
incubation at 2rc, the cells were dislodged, collected by 
canrrifugation (S00 for 5 min). and rysed with 1% sodium 
dodecyi sulfate (SDS) and 2.5% 8-mertaptoethano QH 
lyaates were subjected to SDS-polyacrylamide gel electro- 

phoreais (19) and autoradiography. 

P VcaUetnsldase awnys. Infected SF21 or TN368 culU were 
dislodged, collected by centrifugation (500 x g for 3 
and washed with Ice^old P^^uffered saljne h« 
6 J) The cell pellets were suspended in 0.25 M Tiib (pH a.uj 
and subjected to three freae-ihaw cycles. Qanfied extracts 
(16.000 x g\ were assayed immediately for p-galactosid«|e 
wHh the substrate n-niWwnenyl-^D-galacwpymnorfde t». 
^nTially as described elsewhere (31). When necessary, 
elSi were diluted with 0.2S M TriS (pH 8.0) to enste 

*SK«?l£lSSnW SF21 monolayers («(• cells) ^ ■ 
harvested 48 h after infection as described above ^aoW 
total intraeellular DNA, the cells were ^nded to 10 W 
T/ls ft>H 8 OH mM EDTA and Jncubated m 0.2% SDS W 
0 1 ms of motelnase K per ml for 2 to 4 h at 37"C. Protein^ 
RN A were removed by phenol extraction andteeatruent *M 
120 iw of RNase A per ml, respectrvely. DNA 
cellsjwai. heat denatured (10 mm, 10<rQ, ^fS^Sg 
ice; ind mixed with an equal volume of 20x SSC <W W 
0 IS M NaQ plus 0.015 M sodium curate). With a dotww 
apparatus, the entire sample was applied to a Hynonw, 
(Amersham) nylon membrane and prepared for hybnojg- 
rion as prescribed by the manufacturer. Blotted DNA *H 
hybridized to specific DNA pnobes at 65"C tor 16 B-JKJ' 
fo-'^JdATP-labelled, random-primed probe (AmersflBpj. 
eonsbting of a pBluescript Plasmid containing only 
specific sequences was used to monitor intracellular JevWSJf, 
vA3SK/lacZ virus DNA. After the Wots were washed, m 
extent of probe hybridization was determined by ™'?m 
uk radioactivity associated with Individual spots witSfcJ-. 
Betascope 603 Blot Analyzer. The linearity, of wo *J| 
was demonstrated by simultaneously including lncrcasa^ 
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counts- of membran^ouDd tacZ pUwmld DNA in *e 
hybridization protocol. 

RESULTS 

Cmutnutum «r 3SK e*» null mutator*. Id P'^=*>«y 
eS designed » tove^rigate the fufUon(s> oi the 
3flCo»te|n geneTwe examined the effect of null mutations 
oT/OT^wplicadon by constructing reco™bman t v,- 
ruseetn which the sequences that encompass the 35K gene 
delicately deleted To hdUt.lt M-S3SK«g 
mutants, we Inserted theJE. eoM lacZ&a* MoX] ^ffi?^ 
between thrill and Spel sites). This generated a poten- 
SSn. protein in which the N-tennujal SI em*o a«ds of 
p35 were finked to 0-galactosldase and *™U>Monhr i«- 
meved 702 bp of the 35K ORF. Wnenprc^gated in & 
EI (SF21) monolayers, the resulting 35K-UeZ virus 
{Sfiis exhibited a plaque wp^^^g 
Unci from that of wUd-cype virus on the basis of smaller sue 
"„TlS ofo^luaion boSies; low-level 
indicated by ligbt-biue plaques In the 
similar ptooue pheno W was ^, £Thto 950 

constructed AcMNPV mutant, VA3SK. fHg- 1), in w™** 3 " 
bpTr DNA sequences between the JVml and 
deleted, thereby removtagihe 35K promoter and 287(of 7W) 
codons from the 35K ORF. Both deletion mutants produced 
SZily Sw yieWs °* * V in SKI cultures lo conttast. 
when prvpagated hi 7. «< (TN366) cells, ^^jft"" 
™re sSrto that of wlld-type virus (see 
over. V&3SK and witd-rype virus .^SJfiffl!* 
able, as judged by relative size and yield of occluded vhys. 

To more ^curatory eaamine the grow* propertlw erf ^ 
35K null mutants In both lepidopteran cell line*, vve con- 



structedascries of 35K ORF mutants ta which Ac 
portion of the poryhedrin gene was reptaced by the tocZ Bene 
feig. 1). VirW^eZ contains th*wud«ype 3* ORF* «s 
natrve position (EcoW-S genome fragmcn ), ^ 
anences between the Srul and Sjjel sites f ^c 3SK ORF 
were deleted in virus vA35/UfcZ Virus ^^EfL 
contains a single copy of the JJ «J» 

promoter inserted adjacent to the tacZ ge ™ («*e P**? 6 
drin locus). Quantitation of Hjlactosldase activity to ccUs 
infected by these viruses provided a m am to 
(eeoW^eWfi) geae egression. * "^M"^*"^ 
Uon of blue plaques on TN366 monolayers_pro^d an 
accurate and VeUable measure of ntectoous BV from i 35K 
nuBwitaitts. Sfnce mutant and wild-type . vnattt ' 
MeDtffirowth properties in TW68 ce^see belo^ 
titers in tKport are defined as PFU produced on TWefl 

^ffictftat utemd. the ?5K ORF are »mM to rnahv 
X^SS^pe preductie. of BV. To directly compare he 
«ow*w™entes of 35K nuU mutants, we measured the 
AS? from SF21 and TN368 
towd with in«asl«g Bmowtt ot ^T 9 " Stocfc piuIUplo 
rounds of infection wire possible at the lowest mulor^ illatws 
of infection (MOIs). the yield of BV 
mulated over the 48-h period cammed Ip^jdea an 
Indirect measure of the replication «»^ e "^ 0 n f r ^ tt( J; 
ruses. In SF21 cells (Pig. 2A). v.ru S v^SK/lacZ ^^produccd 
200- to I5.000.told las* BV than wt/laeZ. The greatest 
difference {lS.OOO-fold) was observed with an inputj of 0.1 

PFU per cell tT*Me '» ~ nttast *° r^? 02 -^ JrSftSJ 
CMaoZ Increased steadily wit* the MOI nsed: a 500-to d 
increase in MOI (from 0.01 to 5 PFU/eell) yielded a 370-fold 
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Multiplicity of infection (PFU/cell) 

FIG. X Producrion of BV by S3K gene mutants. SF21 (A) and TN&S (6) monolayers (LB x 10* cells per plate) were Inoculated with 
viruses wt/lncZ, vA35f01acZ/3SK\ and vA35K/lncZ ut the indicated MOI* (PFU per Ct\\). After a 1-h adsorption, tB.6 eeUs were woshtd, 
covered with growth medium (S ml), and incubated at 2TC. The extracellular medium wafi harvested 4$ h after infection* and the yield of BV 
was determined by plaque essay with TN368 celts. The plaques were vfcunlizDd by including X-Gal in the agarose overlay. BV yields art 
reearced aa f FU per mUUUicr with a (ogorltnmic $caic; error brim far «=h v*loc on? shown. 



i.! 

t 

> 

r 
J 



Increase id BV. Consequently, the ratio of wt/laoZ BV to 
vA3$K/lac2 Bv decreased with Increased In the MOl (Table 
I). One-step growth studios indicated that while progeny BV 
from 35K quJI mutants appealed at the same tune as wild- 
type BV (24 h after Infection), overall levels were reduced 
throughout, infection (0 to 96 h) (21). Visual Inspection of 
vA35ic1ac2-infeCted SP21 cells also indicated that the ex- 
tent of early cell lysis (characteristic of 35K null mutants) 
was proportional to the amount of input virus. Lysis resem- 
bled that described by Clvro ct al. (3)» including plasma 
membrane blobbing; progressive cell disintegration* and 
concomitant degradation of cell DNA into oligonuclcosome- 
sized fragments (data not shown), Lysis of wt/laoZ-infeoted 
cells was not observed until 72 to 96 h after infection and did 
not include ceJl blobbing. 

In contrast, th« yield of BV from TN3o*8 cells infected with 
the 35K null mutam v&35K/lacZ was comparable to that of 
wild-lypcj virus, wt/lacZ (Fig, ZB). Only at the lowest MOI 
was a significant difference detected; with 0.01 FFU/cetl, 
vA35K/IacZ produced approximately sevenfold less BV than 
wt/lacZ (Table 1), No early cell lysis was detected in 
cultures upon inoculation with v&35K/UcZ or other 35K null 
mutants. 

BV production was restored to wad-type levels (Fig. I) 
when the 35K gene was inserted back into the genome of 
vA35K/tacZ, but at an alternate location (polyhedrin focus 
[3,96 nvu.)), vA35K/h*cZ/35K + yields were comparablti to 
that of wt/lacZ in both cell Unas. Only at the lowest MOI 
(0.01 PFU/cell) did vA35K/lacZ/35K" exhibit a growth dis- 
advantage in SF21 or TN368 cells (respectively, 2.3- and 



2.9-fold lower than that of wt/lacZ) (Table 1). The cytopathlc 
effect of vA3SK/lac2/35K , * r in SF21 cells wag also indistin- 
guishable from that of wild-type virus wt/lscZ. Thus, the 
1.28-fcb Mlu\-Eco^\ fragment that encompasses the 35K 
ORF and its promoter (Fig. I) contains (he information 
necessary to restore tbe wild-type virus phenotype in SF21 
culture, 

35K null mutants exhibit restricted levels of late vims gene 
expression. The absence of occluded virus particles in 
vaJSK-infcctcd SF21 cells suggested that deletion of the 
35K ORF resulted fn loss of late vims gene expression, To 
quantitate this effect, we used the IncZ gene under conrrot'of 
the polyhedrin promoter to monitor levels of very late 
(occlusion-specific) gene expression. In 3F21 cells, mutant 
vA35K/lacZ produced only law levels of p-galactosidase at 
all times examined (Fig- 3)- In contrast, p-gafactosldasc 
expression m wr/IacZ-infcctcd cells paralleled that of pojyy 
hedrin during a wild-type Infection (29), reaching a maxhniga 
by 48 h and declining thereafter. At peak expression, p-gp 
lactosidasc levels upon infection with wt/lacZ wrrc 300-fofcl 
higher than rhat of vA35K/lacZ. Approximately wfld-tjpe 
levels of p-galactosfdaso were synthesfeed in SF21 cells -tjy 
virus vo35K/lacZ/35K* (Fig. 3), indicating that Insertionp 
tbe 35K gene and promoter back into the virus gftnqme. 
restored occlusion-specific expression. Identical anatyjS' 
with TN368 cells indicated that p-gulactosidase exprestf$| 
was comparable for all three viruses (Fig. 3). In genet!* 
p-galactosidasc appeared earlier and reached higher levels^ 
TN368 cells than in SF21 cells. 

To examine the effect of 35K null mutations on 



TABLE 1. Comparison of BV yfoldu tor wi/IbcZ, vn35E7lacZ« and vA35K/lacZ/55K* 



Celt line 



Ratio of wylacZ to vA3?K/lacZ* at the following MOls 
(F0U/MD): 



fUUO Of WVlaoZ lo vA35K/Ibo»35K** at th« 
MOfs (PFU/ccll): 



0.01 



0.1 



1.0 



i.O 



0.01 



0.1 



0.5 



1.0 



SF21 
TN368 



2,900 
6.6 



15,000 
1.6 



2,000 
L2 



900 

0.0 



200 
0.? 



23 
2.9 



2.1 
L3 



0.9 
M 



0.9 
1.4 



4 The wrrva$5fC mclo calculated by dtvMins U»e ylsid (FFU) of wt/licZ vlru* by dn yiald of vAttK/laeZ vims nbwlncd at (ft* fume MOI. . v 

6 Tbe wtrvA35K/35K* ntio wis calculated by dividirjg tbe yield (FPU) of wi/taeZ vims by UttyfeM of vA35K/lncZ/35K v virus obt&iaed at th6 &un& ^Vjff 

"1 



9 

(: 

V 

K 
n 
U 



c 

S. 

E 

P 
P 

s] 
r\ 

a: 
v; 
il 

tc 
hi 
ti 
al 
at 
hi 

[I 
P» 
3< 
in 
in 
Si 

Ctf 

w 
in 

dl 
nc 



4L 



26-JAN-05 WED 10:31 



+44 0 1865 4B3477 



E005-JAN-26 16: £2 FROM: 



KJtJUU 



TO: 



P. 020 



V01- 66. 1W2 



FUNCTION OF THE AcMNPV 35K GENE 5529 



hie 
Un- 
the 
5K 
on 
>21 

•ne 
in 
he 
fb 
of 
tr 
nt 
91 
iC 
/- 

n 

d 

e 

/ 

s 
1 
t 









so- 


SF21 










? 


15 




If 

It 
if 

h 








1 


ID- 












S' 






\ 
43IK 

■ /■ 






1 
1 


9 








t 


40 




•V 








I 


to 




/ 


\v 


hed, 
BV 


« 

t 




10 








are 




















0- 
0 


£0 


40 


60 . fiO 



A 



SF21 



Time fitter Infection (hours) 

FJO, 3. Comparison of very late, occlusion-specific gone cxpres- 
sbq by wfld-rypfi ud 3SKwi(l viruses. SF21 andTN36« monolayers 
(ID* cells per plata) were Inoculated with 5 PFU of recombinant 
viruses wt/locZ (*t). vASSK/lacZ dad v^3SK/1acZ/35K* 

(35K*) per cell* At the Indicated Intervals after infection, the cells 
were harvested, lysed, iind assayed for inTroc*l)i*lar p'gal&cinda'afiti. 
Measured enzyme activity is reported as A* w units produced per 
mtaute pfrf I0 d colls. The values shown are the averages uf twn 
independent racperi meats. 



classes of AcA/NPV proteins*, we compare dpota In synthe- 
sis throughout infection in both cell lines. SF21 ectls infected 
with viruses wt/lacZ arid vA35K/lacZ/35K^ exhibited similar 
protein patterns that were typical of a wUd»rypfi vjjiis 
infection (Fig. 4A); this included the appearance and disap- 
pearance of early proteins (6 through 12 h)» followed by late 
proteins (12 through 24 h) # and finally very late* occrusion- 
Bpecifie proteins (o.g. T p^galaclosidasc). Although carry vi- 
nu-»induced proteins were detected in $F21 cells infected at 
an identical multiplicity as vA35K/lacZ, synthesis of late 
virus protein* was severely restricted (Pig. 4A). Proteins 
that normally appeared by 12 h in wild-type infections 
(during the period of viral DNA replication) were not de- 
tected or appeared later and ai very low levels* (n, addition, 
host protein synthesis continued as late as 50 h after infec* 
Hon; the observed reduction from 36 to 50 h (Fig. 4A) wa3?f: 
attributed to vA35K/lac£-induced early cell lysis. Similar 
analyses (data not shown) indicated that inoculations with 
higher MOIs of 35K null mutants (including virus vA35K 
[Fig. lj) caused a more rapid reduction In intracellular 
protein synthesis; in such cases, little synthesis was detected 
36 h after infection. This reduction paralleled a more rapid 
induction of early cell ryste. Of the cells remaining late in 
infection, few viral proteins were detected amid the back- 
ground of host proteins, 

ITje pattern of virus-induced protein synthesis in TN368 
cells was nearly identical for each of the three viruses 
wt/iaeZ, vA35K/lacZ p and vA35K/lacZ/35K + (Fig, 4B), This 
Included the characteristic reduction in host protein synthe- 
sis that began 13 h after infection for each virus. Minor 
differences were detected in the level of several less promi- 
nent early (6 and 12 h) proteins. Direct comparison of the 
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FIO. 4. Comparison of proteins synthesized In cells infected with 
wild-type and vA35K viruses. SF21 (A) and TK36S (B) mono Uy em 
were Inoculated with 5 PFTJ of recombinant vf ruses wx/l&cZ (wf), 
vA35K/l»eZ (A3SK), and vA3$lC/l(ic2/35K* per cctl. At th* 

indicated Intervals after Infection, (bo colls wore radiolabeled for J h 
with ^Sjmethfonfne-cysteine, ryued, and subjected to $DS-poly- 
acryiamlde gel electrophoresis and autoradiography- Lysarea pi^o- 
pared from cells radldltLbeted aAermiick-lrtfcciJon (Ml) ora included 
(laflB l), The poEMonS'or ^-£alacta«idaA« And molecular 

height Ettirtdnrds (MWa) m*c iAdjcated («i%cs in kiloditltons). 
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wt Multeity of Infection (PFU/cecl) 
PiG J Effcci of vriirnyp* virus en muuint vA3SK/lAcZ*tc rene 
expression und' BV,yWd*. SF*1 monoids flu* P)^} 
^Trc Mfeou^ Wriifcd with yiniD vA55KMc2 (^FU/cttt) 
ind the Indicated MQIfi of wild^pe (wt) AeMWV. Ctfo and' 
extraoeUular mrthnn w*r« bsryorted 48 ti After J™**£ 
can exiracte wm assayed tor ^lactosidw; ™ te ■ 
as Scribed rrt tbc legend to Fiff- 3- The yield of vA35KttacZ ^ 
the extracellular medium was determined by plaque assay on TN36B 
Mils vAl5K/lacZ plaques wens <H««nrfuiflHed from wflfrtype virus 
plaque by their blue color (in P**e*« °* ™ tocfc of 

occlusion bodies*. 



eaily proielns wtfacstead la both cell lines (TN368 and 
SF21) infected with 35K deletion mutants and wild-type 
virus felled to reveal a 35-kDa polypeptide candidate for the 
3SK gene product, Suggesting that p35 expression is rela- 
tively low. ■ 

rmiw complemimtHtion of 3SK mill mutants* To determine 
whether a functional 35K. allele when supplied Id trans would 
restore replication of 3SK null mutants, we tested the abilgy 
of wild-type virus to complement the null mutation. To this 
eoi v/e raoflltored BV production and late gena expression 
in SF21 cells that were Inoculated with a fixed MOI of null 
mutant vA35k/lac2 (3 PFU/oell) and increasirtg -raoimts of 
wild-type AcMNPV (Fig, 5). In a way that was indicative of 
helper virus function, wiM~rype virus enhanced the produc- 
tion of vA35K/lac2: BV; maximum levels of mutant BV wore 
15-fold higher than that obtained in the absence of wild-typo 
virus. The possibility that this enhancement was duo to 
recombination in which the null mutant acquired q 35K gene 
was ruled out by screening BV from mixed infections by 
plaque assay with 3F21 cells. By scoring for blue plaques 
(Indicating the rescue of late gene expression}, it was deter- 
mined that teas thaw 3% of the progeny from, mixed infec- 
tions with vA35K/lacZ and witd-rvpc virus (0 J FFU/cell) 
was composed of recotnbinaw vfruses (data not shown). 
Thus, greater than 95% of the increase in tocZ-c^tainirig 
progeny detected (FJg. 5) was represented by mutant vA35K/ 
lacZ- Confection with wild»typn virus also stimulated very 
late gene expression ttom vA35K/lacZ (Fig, 5); as indicated 
by p-gaJactosidaso levels, very late gena expression in- 
creased as much as 30-fold. At wUd-type vims MOIs of 
greater than 1 PFU/ccll, (3-galaciosidase expression de- 
clined. Since a similar reduction was observed in control 
experiments in which vA35K/laeZ was replaced by wt/lacZ 
(data not shown), we attributed this decline to competition 
between viruses for limiting host cell factors (e.g- 7 vims 
receptors or biosynthetic machinery). liastry, visual inspec- 
tion of coinoculaied cultures also indicated that the extent of 
early celt lysis Induced by vA3SK/lacZ decreased In propor- 
tion to the increase in wild-type virus. 
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FIG 6 Effect Of wild-type virus on introocllular levels ptv6$5Kj 
. laoZ DNA. rooaoit»yets were inoculated wid* 3 PRJ of virtu 
>vn35K/lBcZ or wt/lacZ per cch tuwi the Indieated MOI of wild-type 
T&t) AeJWPV. Intraccllalaf 13KA was isolated 4fi b after Infecttoa. 
' The level of foc&spcctfle DNA was ascjmsincd tgr dot Wot hybnd- 
ita lions with d radiolabeled DNA probe containing lacZ sequences. 
The extent of hybridization was dctcrmiaed by measuriag dio 
TadidacUvity assedsted with iediWduat spots aad U r«?portod as 
eountfi per nurture bound. 

Further support for Trans complementacion by wild-type 
vims was obtained by mcasurins intraccllnlRr levata.pf 
vA35K/lac2-spediic DNA in 3F21 cells (JFig. 6), As demon- 
strated by hybridization to a DNA probe amiplcmentaryjo 
lacZ sequences, vA35K/IacZ DNA Increased by as much as 
fivefold upon eolnfeef ion with wild-type virus (0,1 PFU/cell). 
An identical inaease was observed with a different 35Knuli 
mutant (vA35iyiacZ/3SK IicW *; see bekrw). In c<mtrasVw¥ 
lacZ DNA levels dedmed as the wild-type virus MOI 
increased in similar assays (Fig. €)> suggesting again that 
competition for limiting factors was responsible. Thus, the 
■ isvafof intracellular DNA of 35K mill mutants was also 
affected by wild-typo virus containing a functional 4?K 
allele. It remains to be determined whether this increase .was 
due to enhanced viral DNA synthesis by the 35K puU 
mutants or to a redaction in virus DNA loss that rcsufiad 
from suppression of early cell lysis. ^ 
p35 nposcntt mnmnts exhibit (he 35K null phenatyp^To 
verify that the 35K null phenotypo was due to tnacttvatiOA 
(or loss) of the 35K gene prodnct (p35) and not to the 
removal of eir-actbg regulatory or replication signals rcsulj- 
(ng,frora the delerion of sequences from the mutants,^*' 
srobed above, wc tested the effect of additional 35K <§f. 
mutations on virus multijsh'catlon. Since restricted late 
expression was charactBrlsric of the 35K null phenorypjc; 
^-galactosidase expression from the polyhcdrin prc^or^r 
was used to monitor virus replication. 

First, a nonsense mutation was introduced withm:^ 
N-termtnal third of the 35*C ORF through the inBcrtic*^ 
nucleotides at the Bed site (Fig. 7). This resulted .gig 
frameshlft that truncated p$5 after 97 amino add fesiM?.. 
without altering sequences downstream. IntraCC, MSv 
expression of p-galactosidase by the resulting virus vA?^?J 
lacZ/BSK 8 ^ was comparable to that of the deletion trnjfeS* 
vn35IWac2 (Fig. 7); expression in SF21 cells was a PP$}g" 
matefy 100-fold lowef than that of $$K gene-contaffi^; 
viruses (wtyiacZ and vA35IWacZ/35K + ) but was np>m : 
equivalent to that of the two viruses in TN368 cel&qjffi 
^c/I-ftameshift mutant also induced early coll lysis (l 2 Wr.; 
h) in SF21 cultures that was indistinguishable from ™.Sg[F 
35K deteiion mutants (data not shown). Thus, generano^v., 



h) in SF21 

35K deteiio , .., . 

a frames biff mutation with minimal sequence HlietfSHlfflSb. 
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YNSflB 




wt/taeZ 






108 


vAaSKteeZ/SSK* 


41.9*6.3 


3,9 ±0,3 


100 


v^WlaaZ/SSlv**-* 


38.0 ±1^ 


0.040 


1.1 




□1.8*2.7 


0,063 
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FIO. 7. Site-directed mutageoesifi of p35. The wilt*-typt(wt)3SK 
ORF (shaded Arrow) encodes 299 amino add residues (from ATO to 
TAA codoas). Virus vo35KflaeZflSK* (3SK*) cantatas the fuU- 
]«nglb ORF (shaded box) Inserted immediately ppstroam from a 
polyBdcfivJatitu signal (PA) at the polyhedrta locus (Fla. 1). The 
fnscned 55K ORF of vims vASSJWflcZ/JSK^ (35K B ^ contains 
a 4-bp Insertion at the unique Belt site* causing a frameshift that 
truncates pJ3 after 81 residues and fuse* 16 oui-of-frame residues 
(Mack bojO'to the C terminus; tbe batched be* deplete the remaining 
0«qu»nccs of the ORF. The truncated 33K ORF (2&7 residues) of 
.^rus vA35K/lacZ/35K** p * (35K* 5p *) was ge aerated bytho jmroduc* 
Lion of a nonsense mutation nt din alio and removal of d|» 12 
C-ierminnl amino odd residues as. shown (7). Small vertical bttuwb 
mark iho end of che 35K ORF for both mutants. Restriction site 
abbreviations are listed in Flo. 1, intracellular p-jjalactosidase 
flctMty was determined 4ft b after infection of SF21 or TK36S 
cultures, with an MO J of 1 PFU/cell. Values for p-galaotooidose 
activity ore we averages of duplicate infections, The activity ratio of 
§F21 to TN365 was calculated by oOnnulLZing the ratio of acrfvity In 
SF21 and TN3&& cells of the indicated viruses to That of vA3SK7 
lacZ/35K + (35K*), defined as 100%. 



(4-bp insertion) was sufficient to cause the null phenotype 
and demonstrated that p35 is required for wild-type virus 
replication. 

This conclusion was supported by the construction of a 
p35 truncation mutant in which the last 12 Cterminal rcs^*. 
dues wctc removed from the 35K ORF (Fig. 7). A nonsense^ 
codon was Introduced at residue 288 by deleting the 145-bp 
region between the SpeJ and EeoKl sites of the 35K. gene 
fragment also inserted at the rxrtyhedrln locus. Compared 
with other 3SK mutants, vfros v43 5K/1 a cZ/3 SK^** also 
directed synthesis of low levels of p-galactosidaBc in SF21 
cells, but it directed wild-type levels in TN368 cells. vA35K/ 
lacZy35K aSpo ateo induced premature lysis of SF21 cells. 
Hieso results suggested that the C terminus, including the 
last 12 amino acid residues, is essential to p35 function or 
protein stability. 

DISCUSSION 

AcftfNFV p35 nun mutanto exhibit cell Uno-ep^fic growth 
restriction?. Our initio) approach to identifying the function 
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of genes encoded by the Hlndlll-K-£coB£~S region of 
AcAir^PV was to generate null mutants in which a specific 
gene was deleted (or replaced). Removal of various portions 
of the 35KORF produced AcAYNPV mutants that exhibited 
altered growth properties that were cell line specific. In 
cultured J* fruglperda (SF21) cells, production of BV by 
deletion mutant vA35K/lac2 was significantly reduced, rang- 
ing t>om 200 to 15,000 times less than that of wild-rype virus, 
depending on the input MOl (Table 1). In contrast, yield* of 
BV from 33K null mutants were indistinguishable from that 
of wild-type virus in cultured T. ni (TK368) cells. 35K null 
mutants also exhibited severely restricted levels of late gene 
expression in SF21 but not TN368 cultures. For example. 

3>refl«lon of thv /«cZ gene under control of the very late 
ybedrin promoter was 300-fbld tower in SF21 cbIIs in- 
fected with 35K null mutants than with wiidwtype virus (Fig- 
3). Similar reductions in the synthesis of other late and very 
late proteins were detected (n 35Knull mutant-infected SF21 
but not TN368 cells (Fig, 4). 

By constructing a series of AcMNFV recombinants* in- 
craping a Ihuji*shJft mutant within the 35K ORF, wc dem- 
onstrated that the growth restriction of the null mutants was 
due to loss Of function of tbe 35K gene product (p35)- 
Combined with the results of Qem et at. (3), these data 
provide strong evidence that the null phenorype is not due to 
loss of essential exacting DNA sequences (including regu- 
latory Ot replication signals). This conclusion was supported 
by the finding that a functional 35K allele trans comple- 
mented 35K null mutants, as demonstrated by mixed infec- 
tions in which wild-type vims reversed the mutant growth 
restrictions and stimulated B V production and very late gene 
expression (Fig* 5). Insertion ci a 1.28-kb fragment contain- 
ing the 3SK ORF and its promoter at an alternative site 
(pc^ybedrin locus) restored late gene expression and BV 
production to wild-type levels In SF21 cells (Fig. 2 to 4). 
Tnus, these sequences contained sufficient Information (in- 
cluding ctf-acting regulatory signals) to suppress the null 
phenotype. The finding that expression was independent of 
position within the virus genome, in addition to the dramatic 
growth advantage conferred by p35, has contributed to the 
development of the 35K gene as a useful selectable marker 
for in vitro isolation of recombinant viruses (21). 

Fole of p3S In AcWNFV replication, Clem at ah (3) recently 
demonstrated that 35K deletion mutants cause premature 
lysis of cultured SF21 cells thai Is the result of upoptosis 
(programmed cell death). This indicated that p3S is required 
to block the apoptotic process induced in response to 
infection by AcWNPV. Virus-induced apoptosls was distin- 
guished by stereotypic degradation of intracellular DNA into 
otigonudeosome-sized fragments and premature cell lysis 
that Involves progressive membrane blobbing* The reduced 
levels of 35K null mutant replication reported here may 
therefore be the combined effect of early cell rysis and other 
processes associated with apoptosis. Indeed, tarns-comple- 
mentation assays that used wild-type virus demonstrated a 
direct correlation between the suppression of early cell rysis 
and the levels of 35K null mutant replication (Fig. 5). In a 
way that is analogous to cytotoxic T-celL tailing of virus- 
infected vertebrate cells in which apoptosis causes self- 
destruction' of the target cell and prelytfc fragmentation of 
virus DNA (23, 32), apoptosis in SF21 celts may also limit 
AcAfNPV replication through direct fragmentation or inac- 
tivation of virus DNA. The nearly normal pattern of early 
protein synthesis followed by the severely restricted levels 
of late and veiy late proteins in 35K mutant-infected cells 
(Fig. 3 and 4) is consistent with lass of viral DNA, since late 
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